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A METHOD OF DETERMINING THE DETERGENT 
ACTION OF SOAPS 


BY J. W. Me BAIN, R. S. HARBORNE AND A. MILL! CENT KING 

In spite of the many investigations on the subject of detergent action*, 
there is still no recognised standard in terms of which the washing power of 
soaps can be expressed. This communication describes quantitative measure- 
ments of detergent action upon one substance : namely, carbon black. 

Striking, although only qualitative, experiments describing the action of 
solutions of a ‘^medicinal soap^^ in suspending lamp black were published by 
Spring^. He found an optimum effect in one per cent solution and even in 
dry methyl and ethyl alcohols there was an optimum concentration although 
in very much more dilute solution. He even found that dilute aqueous soap 
solutions had the power of carrying a certain portion of the lamp black through 
a filter paper although this did not occur when using alcohol. 

Spring concluded that a sorption compound was formed between the 
lamp black and the soap or rather (upon somewhat doubtful evidence) 
between lamp black and somewhat acid soap. The suspended lamp black 
passed through filter paper without blacking it although, in the absence of 
soap, none passed through, and the black clung tenaciously to the paper. 
Spring’s conception of detergent action is therefore represented by an equation 
of the form 

Fabric • dirt +soap == fabric+dirt • soap 

McBain* proposed the more logical alternative of double decomposition; 
namely, 

Fabric • dirt + soap = fabric • dirt+soap • dirt 

for which there is a good deal of evidence. 

In Spring’s experiments with lamp black and in ours with carbon black 
only a portion of the carbon, that stably suspended, is carried through the 
filter paper. We utilise this fact and simply determine the amount of carbon 
black carried through. The *^carbon number” of a soap solution is the number 
of grams of carbon carried through by one kilogram of soap solution under 
standard conditions. 

Preliminary Experiments by R. A. W. Bond 

Much time was spent by Mr. R. A. W. Bond in studying various samples 
of lamp black and carbon black. That which gave the largest effect was 
^'Auk” carbon black, a 1 5 lb. sample of which was supplied through the kind- 
ness of Messrs. Chance and Hunt of London. Their “Kalista” carbon black 
was only slightly less effective. 

* Cf. McBain: Third Colloid Rcijort of the Brit. Ass. Adv. Sci. p. 24 (1920) 

* Kolloid-Z. 4 , 164; Rec. Trav. chini. 28 , 120 (1909) 

* Loc. cit. 
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Extraction of the carbon black with ether in a Soxhlet apparatua wae 
detrimental owing to the agglomeration of the carbon; hence in all further 
work untreated original carbon black was employed. 

Twenty ccs. of soap solution carried through most carbon when shaken 
with one gm. of carbon black, this amoimt being more effective than either 2 
or 0.5 gms., thus in experiments with No. 5 Whatman filter papers and 
o.iNv potassium myristate the carbon numbers found were 0.56, 0.33 and 
o . 1 1 . No explanation is afforded. 

A large number of filter papers were tested and No. 31 Whatman Filter 
Paper was finally adopted as being most porous and yet fairly uniform. For 
the gravimetric analysis of the filtrate the only satisfactory paper was No. 
590 Schleicher and Schtill filter paper. 

Time of exposure of the lamp black to the soap was varied from one day 
to one month without noticeable effect. Increase of temperature greatly 
diminished the carbon number. It was found in accordance with expectation 
that there was an optimum concentration of soap solution. 

Experimental 

Materials. 

Only soaps prepared from pure fatty acids were used, the potassium 
oleate was prepared by Kahlbaum and contained three equivalents per cent 
excess acid. Other soap solutions were prepared, with the precautions des- 
cribed by Bunbury and Martin^ from pure fatty acids supplied by Kahlbaum 
but using Jena glass vessels with well vaselined glass stoppers. The impor- 
tance of the last precaution which is invariably adopted in this laboratory is 
strikingly illustrated by the following Table I. 

Table I 

Acidities of Potassium Oleate Solutions in Equivalents of Free Acid to 100 

Equivalents of Soap 


Description of 

Stopper 

employed 

Acidity. 

solutions. 

Soap dissolved 
in 2 parts alcohol 

4- I part water. 

When fresh. 

Next day. 

Sample I. 

Unvaselined 

glass. 

2.87 

4.11 

Sample II. 

Vaselined 

^ass. 

2.89 

3.93 

o.osNw aqueous 
soln. + 2 parts 
alcohol. 

Wdtt vaselined 
cork. 

7.67 

16.36 

0.496NW aqueous 
soln. + 3 iwrts 
alcohol. 

Well vaselined 
glass. 

327 

3 34 
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Increase in acidity is due chiefly to entrance of carbon dioxide but partly 
to oxidation. Distilled water and alcohol were always boiled out in a pyrex 
flask. The acidimetric standard was benzoic acid supplied by the Bureau of 
Standards Washington and constant boiling hydrochloric acid prepared by 
the method of Hulett and Bonner. The great importance of exact neutrality 
is shown by the sequel. As far as possible dilute solutions were prepared by 
direct dilution of more concentrated stock solution but a large number of 
independent solutions was also made up. 

Procedure. 

In determining the amount of carbon carried through a filter paper by 
soap solution the following standard method was adhered to. One gram of 
'‘Auk’^ carbon black weighed within i% was placed in a large test tube with 
20 CCS. of the soap solution, shaken thoroughly and allowed to stand for 23 
hours in a thermostat at the experimental temperature, shaken again and 
allowed to stand a further hour before being poured upon an ii .3 cm. No. 31 
Whatman filter paper. The filtration was also carried out in the same thermo- 
stat (a water-jacketed copper chest kept within o . 5®) and allowed to stand 
until approximately locc. of filtrate had collected. The filtrates were then 
analysed either by the gravimetric or in all later work the colorimetric method. 
The data given in the present paper enable absolute results to be readily 
obtained in other laboratories by simple camparison with ours. 

Gravimetric method of analysis. 

The carbon in the filtrate had to be isolated and weighed on a filter paper. 
A 5 . 5 cm. 590 Schleicher and Schull filter paper which had previously been 
extracted with alcohol in a Soxhlet extractor was dried at 1 io®C in an electric 
oven for 45 minutes. It was then transferred quickly to a small weighing 
bottle fitted with an air tight stopper. The filter paper was then weighed by 
difference and the drying repeated until the weight (about 0.12 g.) remained 
constant to o . i mg. It was then necessary to obtain on this dried analysis 
filter paper the whole of the carbon in the filtrate. Two methods were adopted 
depending on whether the concentration of the soap was greater than or less 
than 0.3N. In the latter case, the carbon suspension (i.e. the filtrate) was 
decomposed by the addition of about 20 cc. of alcohol and then filtered through 
the analysis paper, the whole of the carbon being retained without diiSiculty. 
The carbon was then thoroughly washed free from soap with hot alcohol. 
When the concentration of the soap solution was above o . 3 N, it was found 
that so much alcohol was required to break the suspension and dissolve the 
soap that the time taken to filter this large bulk of liquid was too long for the 
first method to be employed. 

In the second method, the suspension was decomposed by the addition 
of a few CCS. of dilute sulphuric acid (approx. 0.5N). The water was then 
decanted, through the analysis filter paper, from the fatty acid precipitate 
formed and the latter melted by warming to about 6o®C., and then poured on 
to the filter paper. The tube and filter paper were then washed free from fatty 
acid by means of hot alcohol, the carbon being retained on the filter paper. 
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The alcoholic washings were tested for fatty acid by dilution with cold water, 
a white ring of myristic acid precipitate being formed if not free from fatty 
acid. This washing operation had to be carried out with great thoroughness 
otherwise misleading high results were obtained. 

The filter paper and carbon thus obtained were then dried in the electric 
oven and weighed under conditions as far as possible identical with the pre- 
vious drying and weighing, i.e. dried at loo® for 45 mins, and weighed in an 
air-tight weighing bottle. The increase in weight gives the weight of carbon 
in a known weight of filtrate, which is then expressed in ''carbon numbers'^ 
grams carbon per i kilo soap solution. 

This method of analysis is restricted in use, although essential for obtain- 
ing an absolute standard for all subsequent work. In the first place, the limit 
of weighing on an ordinary chemical balance gives a possible error in the carbon 
number of about ro% for a o . iN solution when only 10 grams of filtrate are 
taken. If more than 10 gms. of filtrate are taken the bulk of the liquid be- 
comes great, thus making the process of filtering off the carbon from the de- 
composed filtrate very long and tedious. Moreover, as the amount of carbon 
on the analysis filter paper increases beyond ten milligrams, the time taken to 
wash free from acid or soap is so long that the probability of error from incom- 
plete washing overwhelms the advantage of having a comparatively large 
amount of carbon on the filter paper. 

It is therefore seen that the gravimetric method may only be used with 
advantage with such concentrations of soap solutions as give a carbon number 
of about o . 5 to I . o unless a micro balance accurate to within o . 01 mgs. is used. 

Colorimetric method of analysis. 

In this method the filtrates (about 10 gms. in every case) were diluted to 
known volume by the addition of a large excess of alcohol. For the sake of 
convenience, these diluted filtrates are termed "test filtrates”. A convenient 
concentration was obtained by weighing out accurately about i gm, of filtrate 
and diluting to 100 ccs. with alcohol, the solution being well shaken and 
allowed to stand for a few minutes before being analysed in order that the 
alcohol might dissolve the soap. The length of column required to give the 
same transmission of light as a column of standard test filtrate was then ascer- 
tained by means of a colorimeter. According to Beer's Law, the amounts of 
carbon in the two test filtrates are inversely proportional to the length of the 
columns giving the same transmission of light. Thus the concentration of the 
filtrates can quickly be compared with that of the standard filtrates. A 
Donnan colorimeter was used but less accurate comparisons could be made by 
eye. 

The carbon number of the filtrate is given by the formula 


C 



O.S 4 


IsW* 


where Ig and Iw are the lengths of the columns of standard liquid and filtrate 
respectively and w* and w are the weights of standard and of filtrate which 
have been diluted up to too cc. with alcohol. 
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The filtrate from 0.125NW potassium myristate was arbitrarily chosen 
for the standard test filtrates because the value of the carbon number had been 
carefully established for this case by the gravimetric method of analysis a^ 
o.54dbo.oi. 

The final step towards simplifying the manipulation and rendering it 
possible for other laboratories to obtain results in our units was made by 
replacing the standard filtrate by a dye solution of similar colour prepared from 
pure dyes obtained from British Drug Houses Ltd. The specification of this 
standard was: 

20 cc. Nigrosinc solution of concn. 0.056 gm. per litre. 

20 cc. Bismarck Brown soln, of concn. 0.0858 gm. per litre. 

100 cc. distilled water. 

This dye solution was found equivalent in light transmission to a test 
filtrate of carbon number i . 19. The carbon number value of i .19 was the 
absolute value obtained by comparing the dye standard in the colorimeter 
with test filtrates prepared from filtrates which had been analysed gravimetric- 
ally. This dye standard, which is quickly prepared and easily reproducible 
possesses many advantages as a standard over any filtrate, which is not only 
subject to a greater experimental error in preparation but also liable to error 
due to occasional non uniformity of the filter papers. 

Hence to obtain the carbon number of any commercial soap, using a 
sample of our carbon black, it is only necessary to compare the filtrate (after 
diluting w gms. to 100 cc. with alcohol) with the standard dye solution and 
apply the formula 

C = I.ipT 

Iw 

We are prepared to supply small samples of our carbon black for purposes 
of standardising the stock used by other investigators. Or, the same result 
can be obtained quite independently by carefully preparing any of the soap 
solutions whose carbon numbers are properly recorded in this paper and 
standardising the carbon black or other carbon therewith ; it is only necessary 
to determine with that soap solution, the ratio between the depth of colour of 
the filtrate obtained and the colour here recorded to have a constant factor 
which will convert all experimental results using commercial soaps with any 
definite kind of carbon or lamp black into the standard units of carbon number. 

Experimental Results 

Concentrations of soap are expressed in per cent i.e. gms. of soap in 100 
gms. of solution, as well as in weight normality (Nw), that is, gram equivalents 
of soap in i kilogram of water. 

Table II contains the data for various concentrations for pure potassium 
myristate at temp)eratures between 12 to is®C. Each value is the mean of a 
large number of determinations. 

Tables HI and IV exhibit the important influence of very slight additions 
of either free alkali or free fatty acid. Table V shows the effect of change of 
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temperature. Table VI gives the results for various ooncentrations of potass- 
ium oleate and here the filter paper was folded by gentle pressure between 
finger and thumb since it had been found by Messrs, Allnutt^ that increased 
pressure may cause slower filtration and give inconsistent results. 

Table 11. (see graph I.) 

Variation of Carbon Number with Concentration of Solutions of Neutral 

Potassium Myristate. 



Soap. 

Mean carbon numbers. 

% 

Nw 

Gravimetric (12 to 15®) 

Colorimetric 12® 

0.268 

0 .01 


0.03 

0.662 

0.025 


0. 10 

1 .32 

0.0$ 

0.17 

0.21 

1.96 

0.07s 

(047) 

0.32 

2. 59 

0. 10 

0.49 

0.41 

3.22 

O.I 2 S 

0.54 ±0.01 

0 . 54 * 

3 84 

0.150 


I .28 

4 - 4 S 

0175 


2.18 

5.06 

0.20 


0.40 

6.24 

0.25 


0-35 

7.40 

0.30 

0.29 

0.30 

9 63 

0.40 


0.22 

13-8 

0.60 


0.025 

18.0 

0.80 


O.OI 


"'Indicates standard upon which all colorimetric readings are based. 


Table III, (see graph II. right hand portion) 


Carbon Numbers of Potassium Myristate plus excess of KOH. 


Soap. 

Excess of KOH 

Temp. 

Carbon 

% 

Nw 

Nw 

Equivalents % 

®C. 

number. 

3.22% 0.12sNw 

0 . oooNw 


IS 

0.54 

77 

77 

0.00125 

I 

16 

1 .27 

ft 

ft 

0.00625 

5 

16 

2 .06 

ft 

ft 

0.0125 

10 

16 

3 98 

ft 

ft 

0.0218 

15 

14 

2.83 

ft 

77 

0.0250 

20 

16 

3.02 

ft 

77 

0-0375 

30 

14 

4.09 

** 

77 

0 . 0500 

40 

13-5 

5.60 

ft 

77 

0.0625 

50 

13 s 

to.o 

If 

77 

0.0750 

60 

14 

3-52 

ft 

77 

0.087s 

70 

14 

4.22 

ft 

77 

0.125 

100 

13 

3-58 

71 

77 

0.250 

200 

13 

1.23 

ft 

77 

0.375 

300 

13 

0.83 

fi 

77 

0.625 

500 

13 

0.27 

4 - 45 % 

0.175NW 

0.00875NW 

s% 

II -5 

0.65 

79 

77 

0.0175 

10 

II . 5 

2 .60 

77 

77 


IS 

15.0 

7 38 

77 

77 


30 

II . 9 

6.7 

ft , 

77 


SO 

II -5 

6.35 

77 

77 

0.176 

100 

II -5 

3.16 


< J. Soc, Chem. Ind. 42 » 565 (1923) 
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Graph I 

Variation of Carbon Number with Concentration of Solutions 
of Potassium Myristate (Neutral) 


Table IV. (see graph II, left hand portion) 

Carbon Numbers of 0.125NW (=3.22%) Potassium Myristate Solution 
plus excess of Myristic Acid 


% (of concn. of soap) excess H Myr. Mean C. No. Temp. (‘'O 

0 0.54 IS 

1 1.6 12 

5 19 12 

10 2.0 II 

20 1. 21 II 

50 0.58 II 



Variation of Carbon Number of 0.125 Nw K. Myristate Solution with excess 
Myrstic Acid (HM) and excess KOH. The cross is neutral 0.125 Nw 
soap corresponding to the cross in Graph I. 
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Table V. 

Variation of Carbon Number of Pure Neutral o.iN^ (**2.59%) Potassium 
Myristate with Temperature. 

Temperature 15*^ 25® 60® 

Carbon Number 0.51 0.41 0.22 0.15 


Table VI. (see graph III). 

Variation of Carbon Number of Solutions of Potassium Oleate with Con- 
centration. 



Soap. 

Independent 

Results. 

Curve I*. 

Curve II. 

% 

Nw 

Temp. 

C. No. 

Temp. C. No. 

Temp. 

C. No. 

19.8% 

0.77NW 

12 .0® 

1.29® 





13-9 

0503 





20.5® 

0.12 

12 .9 

0.495 

12 . 1® 

O.IO 

13 - 9 ® 

0.17 

17 S® 

0 . II 

12 .6 

0.450 



13 - 9 ® 

0.17 



11,4 

0.40 



13 - 4 ® 

0.31 

17.6“ 

0.13 

10.9 

0.38 

12.5'' 

0.31 





10,1 

0-35 




0.36 

17 - 4 ® 

0.21 

9-44 

0.325 




0.45 

17 - 4 ° 

1.03 

8.77 

0.30 

14.75'' 

1.09 

13 -e" 

0.39 

17 s® 

2 . 16 



13 . 10® 

2 . 14 



19 S® 

2 . 27 



19.5® 

2.27 





8.50 

0.29 



13 - 7 ® 

0.51 



8.40 

0.286 

14.75" 

1.66 







14.50° 

3.20 





7.96 

0.27 



13 - 7 ® 

0.57 

17.6“ 

1.53 

7 SO 

0.253 

12.8® 

1.05 





7.42 

0.25 


1. 17 

13 S® 

0.47 

17.8° 

1.33 

6.73 

0.225 

12,50® 

2.24 



r8.6° 

1 .21 

6.02 

0,20 

12.55" 

3.53 

13.6° 

0.77 

18.6“ 

0.82 



13.4s" 

2.42 



19.8“ 

1 .60 



14.5" 

1,78 



20.7® 

0.87 



19,4° 

1 .96 





S-6o 

0.185 



13 - 9 ® 

1. 14 



530 

0.175 



14.2“ 

1.44 



4.97 

0.163 



iS- 3 ® 

115 



5-07 

0.167 

12 .4® 

2.33 





526 

0.173 




1.23 



4 . 59 

0.15 



14. 1® 

0.90 

19 S 

0.63 

3 * 8 $ 

0.125 

II- 5 " 

0.71 

14.2* 

0.83 






1*35 





311 

O.IO 

I 7 -S 

0.86 

14. S® 

0.49 

17 s 

0,72 

2.29 

0.073 



14 - 7 ® 

0.44 



1.58 

0.05 


0.56 

14.6 

•33 

19.8 

0.84 

0.984 

0.031 

21 .0® 

0.38 





311 

O.IO 

17 - 5" 

0.52 



19.4 

1. 17 


*Iii the aeries of experiments in Curve 1 unsatisfactory illumination was employed 
in the cdlorimeter. Each number in Table VI. Is the mean of three or four reifiatlts. 
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Variation of (^irbon Numbers with Concentration of Potassium Oleate 


Discussion of Results 

It is seen from the Tables and Graphs that the results are dependent upon 
concentration, temperature, acidity and alkalinity. 

There is a surprisingly sharp maximum carbon number at a particular 
concentration of soap. In the ease of potassium inyristate this occurs at a 
concentration of o . 1 7 sN^ ( = 4 • 45%) which is a hundred times more effective 
than either a very dilute or concentrated soap solution. In the case of potass- 
ium oleate the existence of a similar maximum is equally obvious and it lies in 
only slightly higher concentration although ht^re the effects are obscured by 
the great sensitiveness of oleate solutions to other external factors. It is well 
authenticated that there is an optimum concentration for the use of any 
commercial soap as a detergent. In applying this to practical washing opera- 
tions it may easily be advisable to use a strong solution and to pass through 
the optimum concentration in the rinsing process. 

The actual detergent power of the two very different soaps myristate and 
oleate, are unexpectedly similar although the first is derived from a saturated 
fatty acid containing only 14 carbon atoms whereas the other is unsaturated 
containing 18 carbon atoms and the oleates are regarded as soaps par excellence. 
There is no other property of soap solutions which is known to be at an absolute 
maximum at these concentrations, although the turbidity of such colloidal 
systems as soap and cellulose acetate may however pass through an ill-defined 
maximum at similar concentrations. There is likewise no constituent of soap 
solutions except possibly the hydroxyl ion which passes through a maximum of 
concentration in this region. 

Very slight excess of either acid or alkali increases the detergent action 
many fold, although further excess causes it again to disappear. This is prob- 
ably the chief cause in the fluctuations in the results with the oleate which so 
readily oxidises in the air with corresponding change in alkalinity. In the 
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case of o.i2sNw («=3.22%) potassium myristate, addition of 50 equivalents 
per cent of alkali («only o.o62sNw KOH) increases the detergent action 
nineteen fold. 

Temperature exhibits an important effect especially at lower temperatures 
where the carbon number increases very rapidly being doubled for a change of 
1 o®. The effect is very much less at higher temperatures. It is known that the 
amount of colloidal soap behaves in a somewhat similar fashion. 

In Graph III for solutions of potassium oleate, the two series of points 
connected by a continuous line represent solutions which were prepared by di- 
lution of one sample of the most concentrated solution, the other points 
represent solutions made up quite independently. Miss Laing has found that 
solutions of sodium oleate require at least a day to attain internal equilibrium 
at room temperature and it is possible that even the hydrolysis alters. A 
direct test should be made upon the effect of time upon the detergent action of 
oleate solutions. Some of the erratic results were undoubtedly due to faulty 
filter paper since occasionally some of the carbon coming through with the 
filtrate settled immediately to the bottom of the test tube and a second filtra- 
tion through another filter paper reduced the carbon number to the expected 
value. 

The results with potassium oleate led to a few additional experiments 
which seem to show that a carbon filtrate is more effective than the original 
soap solution in extracting fresh carbon black and that likewise carbon black 
which has once been extracted produces with fresh soap solutions a filtrate of 
much higher carbon number than the original filtrate. 

For the first experiments 8 gms. of filtrate containing carbon from a 
0.173NW potassium oleate solution was shaken up with a fresh quantity of 
o . 5 gms. of carbon and filtered through fresh filter paper. In each case the 
carbon number went up many fold being increased from such values as o, 76, 
0.83, and 1 .45 to 4. 19, 4.48 and 3 .09. 

In the second series the carbon residues left on the filter paper from a 
previous filtration were treated with a fresh sample of the original soap solu- 
tion to see if any further carbon could be extracted, as there was a possibility 
that all the fine particles had already been taken through. However the 
carbon number so obtained was invariably increased many fold. For instance, 
instead of carbon numbers 0.56, 1 . 14, 0.88, i .46, 0.65 and 0.36 there were 
now obtained such values as 5.01, 3.59, 4.64 4.39, 5.02 and 4.57 and a 
third extraction with still further soap still gave quite high results. 

These two results are obviously closely related since the carbon whether 
in the filtrate or in the residue forms a sorption compound with soap thus 
changing both the concentration and the composition of the solution. We 
have not had the opportunity of making a direct analysis of either of these 
quantities. 

Now that a general method of making a rapid and direct test of detergrat 
action has been set up, it should be possible, by investigating different soaps, 
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saturated and unsaturated, pure and admixed and the effect of change of 
temperature, addition of salts and of excess of acid or alkali upon their deter- 
gent power to explain fully the phenomenon of cleansing action. 

The action upon carbon black may be to a certain extent specific and in 
so far not quite parallel to the effect on oily matter, or on emulsification or on 
frothing but this would merely limit but not destroy the value of the direct 
information obtained. 


Summary 

A method has been developed and standardised for the direct and rapid 
determination of the amount of finely divided carbon which various soap 
solutions carry through filter paper. This gives a ‘‘carbon number^^ character- 
istic of each solution which may be taken as a measure of the detergent of this 
material. 

It is shown that by a slight alteration of conditions the detergent action 
of a soap may be enormously increased. There is an optimum concentration 
in moderate dilution^ for which the effect is a maximum, very slight addition 
of either acid or preferably alkali greatly enhances the detergent power. Rise 
of temperature diminishes at first rapidly then more slowly the detergent 
power but this may be completely overshadowed by the vital necessity of 
using sufficiently high temperature to dissolve the soap. Once in solution 
there is surprisingly little difference between soaps as different as myristate 
and oleate. 

In conclusion our thanks are due to the Research Fund of the Chemical 
Society and to the Colston Research Society of the University of Bristol for 
grants for the purchase of materials used. 

Department of Physical Chemistry, 

The Unii^sity, 

Bristol. 



TYNDALL BLUE IN SOLIDS 


BTWILDEB D. BANCROFT* 

In the spring of 192 1 1 noticed that apiece of capillary glass tubing lying on 
a laboratory desk was quite blue at the end; but was not blue by transmitted 
light. After some experimenting my colleague, Professor Briggs, showed that 
the blue color was due to the scattering of light by myriads of minute crystals 
embedded in the amorphous glass. If a suitable glass rod were annealed for a 
sufficient time at a suitable temperature, it became first blue and then white 
by reflected light owing to the formation and growth of crystals having a 
different index of refraction from the mass of the glass. When the rod was 
heated to a higher temperature, the color disappeared because the crystals 
dissolved in the hot glass. 

Still better blues were obtained by Mr. Clyde Mason,* assistant in 
microchemistry, who heated a piece of hard-glass, Jena tubing in a combus- 
tion furnace at a temperature just below the softening point of the glass. 
Two hours of heating is generally sufficient; but the time required is shorter 
at higher temperatures. A strong clear blue results, which changes to an 
opal white if the heating is prolonged unduly. The blue color is due to the 
formation of tiny crystal nuclei which scatter the light. These particles can 
be seen under the microscope with 4 mm or higher power objectives, if a 
horizontal beam of light is projected through a piece of glass on which the 
microscope is focused. With careful focusing and some adjustment of the 
illuminating beam, the blue color seen in the field may be resolved into a dense 
mass of tiny points of blue light. By a suitable length of heating, the partially 
devitrified Jena glass tubes can be made to give blues ranging from deep 
indigo to pale sky blue or even to white. The color may be brought out most 
strikingly by painting the inside of the tube black, so as to cut off all trans- 
mitted light. The blues of such specimens are quite wonderful. 

The opal glass which is obtained by longer heating undoubtedly contains 
coarser crystals. Since the color by transmitted light is orange-red, the 
reflected light must theoretically be a bluish-white; but, actually, the blue is 
masked by the white. The ordinary opal glass is also theoretically bluish 
by reflected because it is reddish by transmitted light.* Some of the early 
American candle sticks and door-knobs show a Tyndall blue and so do some 
of the modern "oven-glasses,” not Pyrex. The production of a whifSHoolor on 
prolonged heating is a well-known phenomenon.* "When i^ass — especially 
crown and bottle glass — is exposed to slow cooling during solidification from 

^ Some of the experiments on which this paper is based were supported by a nant to 
Messrs. Bancroft, Chimiot and Merritt from the Heckscher Foundation for the advance- 
ment of Kesearch, established by August Heckscher at Cornell University. 

• J. Phys. Chem. 27 , 222 (1923) 

' SmuU: J. Soc. Ind. Chem. 34 , 402 (1925) 

* Percy: Metallurgy, 25 (1861) 
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a state of fusion, or if, after it has become cold and solid, it is reheated and kept 
for a long time at a high temperature, but below its fusing-point, it passes 
from the vitreous to the crystalline state, when it is said to be devitrified. 
The so-called porcelain of Reaumur is only devitrified glass. C-onimon barley- 
sugar, which is sugar in a glassy state, the n\sult of rapid cooling, always 
becomes devitrified or crystalline on keeping, (wen at the ordinary tempera- 
ture. Very beautiful and instructive illustrations of the crystallization of 
glass may be frequently obtained in glass-houses where either bottle or crown- 
glass is made; flint-glass, which is composed of silica, potash, and protoxide 
of lead, rarely occurs crystallized. In pieces of crown-glass the formation of 
crystals may be traced ; little groups of radiating prisms at first appear, which 
gradually increase in number and size until they finally coalesce into a white 
opaque mass. In bottle-glass the spheroidal masses are sometimes formed in 
parallel layers, closely resembling Lipari obsidian. Sections of devitrified 
glass are b<»autiful objects under the microscope, when seen by polarized 
light.” 

Combustion tubes which have bcum used a long time oft(^n develop quite 
a marked blue color and I have one specimen of a new piece of tubing, which 
is quite blue. It probably cooled very slowly for some reason because it 
certainly was not reheated. Similar phenomena seem to occur in some slags.^ 
“The cause of the b(*autiful colour, w’hich is not infrecjuently seen in slags from 
iron-smelting furnaces, has excited much attention. It was ascribed to an 
oxide of titanium by Kersten, who also referred to the sann* oxide the blue 
coloration of the Silesian zinc-retorts, which is very similar to that of the slags 
in question. He found this oxide in the substance of which the retorts were 
made. He passed the vapour of zinc over titanic acid heated to redness, and 
the acid liecame blue. He then prepared mixtures of the ingredients of which 
slags are composed, and melted them; but the blue colour was not developed. 
When, however, they were kept melted at a strong heat in covered crucibles, 
with the addition of a little titanic acid and zinc, tin, or iron, tiny became blue. 
The specimens thus produced were inspected by Berzelius, who regarded the 
proof as conclusive. Fournet opposed the explanation of Kersten on the 
ground that certain slags, which were n'lnarkablo for the amount of titanium 
which they contained, were not blue, but grey in the interior and pale yellow 
on the surface; and that other slags in which there was no reason to suspect 
the presence of titanium, were blue. He observed, moreover, that when 
common green bottle-glass is kept heated during a sufficient length of time at 
a temperature considerably below its melting point, it was rendered opaque 
and acquired a blue colour similar to that of the slags. I had previously ob- 
tained the same result by experiment. Fournet had thin sections made of the 
glass so coloured, and found that when seen by transmitted light it had a 
greenish-yellow tint. D^Ailigues had before ascertained the same fact. 
Fournet showed that the powder of the blue slags and blue glass had only a 
dirty green tint. By melting a silicate of iron and alumina Berthier obtained 


1 Percy; Metallurgy, 27 (1861) 
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a glass which, by reflexion, presented a green, almost black tint, but which 
appeared resin-yellow by transmitted light. From these considerations 
Berthier inferred that the blue coloration both in the slags and bottle-glass 
was entirely due to the same cause, namely, the same change in molecular 
arrangement which occasioned opacity in the bottle-glass. Bontemps, who 
had had great experience in the manufacture of glass and especially in its 
coloration, attributes the greenish colour of bottle-glass to oxide of iron 
combined with carbonaceous matters contained in the mixture. When the 
temperature is not very high, as, for example, in the covered pots in which 
flint-glass is made, oxide of iron gives a green colour, more nearly approaching 
yellow than blue; but when the temperature is high, as in the manufacture of 
window-glass, the addition of a small proportion of oxide of iron to the mixture 
produces a glass of a bluish colour. He also remarks that it is known to the 
manufacturers of bottle-glass, that when the glass is cooled in the pot it 
becomes opaque blue before being devitrified. He concludes from actual 
observation that glass may acquire all of the colours of the spectrum from 
oxide of iron alone; and that these colours are produced in their natural order 
as the temperature increases. Thus the manufacturers of china and earthen- 
ware obtain a purplish-red from sesquioxide of iron at a certain temperature ; 
and at a higher temperature the same oxide yields an orange colour. These 
temperatures are low as compared with that at which glass is melted; and 
as has been stated above, the oxide renders glass green at one temperature and 
blue at a higher temperature. The blue colour of slags has also been referred 
to vanadium and artificial ultramarine. In respect to vanadium, it may be 
true that certain blue slags contain this metal, but no satisfactory proof has 
been advanced that it is the cause of their blue colour; and, in respect to 
ultramarine, I may state that in numerous experiments I have always found 
that the colour of ultramarine is destroyed at a temperature much below the 
fusing point of the compound of silicate and soda, which is termed ultra- 
marine base. On a review of the evidence I am inclined to the belief that 
oxide of iron is the essential element of the blue colour of the slags. 

One may admit the possibility of getting all kinds of colors in glass by 
means of iron without postulating that all blues are due to iron oxide. The 
glass which was blue by reflected light and greenish yellow by transmitted 
light cannot have owed its color entirely to pigment. The opaque blue before 
visible devitrification sounds like a structural color. The blue color might be 
due to titanium and yet be a structural color. Robertson,^ a student under F. 
P. Dunnington at the University of Virginia, reports that a certain quartz, 
found in Nelson county, always '^presents a characteristic waxy lustre, and a 
colour varying from pale to deep blue. It therefore appears of interest to 
ascertain to what this colour is due ... A thin section of the rock was examined 
under the microscope and found to show throu^out the mass a network of 
extremely thin acicular brown crystals, thus presenting when magnified about 
400 diameters an appearance very similar to that of sagenite to the naked eye. 


I Chem. News, 50 , 207 (1884) 
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Some of the crystals were twinned, forming the geniculations common with 
rutile . . . This thin section is decidedly yellow by transmitted light, also 
shows the threads of iron above referred to, and by reflected light is blue. In 
view of the blue colour of some varieties of titanic oxide when seen by reflc^cted 
light, it appears possible that the partial reflection of light by the surfaces of 
these microscopic crystals occasions the colour in question, or the latter may 
be in a measure due to the interference of light occasioned by these crystals. 

Robertson may have known that he was dealing with a structural color; 
but he does not make the matter clear. The later people^ had more definite 
ideas on the subject. 

“By way of contrast it may be of interest here to summarize briefly the 
results of the investigations into the cause of blue color in some quartz. The 
occurrence in quantity of beautiful, deep sky-blue, opalescent quartz in 
quartzose igneous rocks and at times in metamorphosed sedimemts derived 
from them, is known in many localities both in this country and abroad, and 
has been the subject of investigation in a number. This variety of quartz is 
by no means uncommon in the Southern Appalachians, and is particularly 
characteristic of some rock typos of the Blue Ridge Mountains and its outliers 
in Virginia. 

“The senior writer has examined microscopically many thin sections of 
blue quartz from different localities in the southeast Atlantic States, and in 
every case the substance of the quartz was found to be crowded with hairlike 
inclusions of rutile, which were frequently arranged with more or less crystal- 
lographic regularity. On the other hand, quartz of light color or colorless to 
dark smoky often shows inclusions of rutile needles, with no indication what- 
ever of blue color. 

“The blue color of the quartz was apparent in thin sections as well as in 
hand specimens. There is no evidence, however, that the included crystals of 
rutile observed in the quartz are blue in themselves, although Dana records 
among the varieties of color for rutile bluish and violet shades. Of the well- 
known laboratory tests for titanium, two impart a violet color (i) to the salt 
of phosphorous bead in the reducing flame when cold and (2) to a hydro- 
chloric acid solution when boiled with metallic tin; but neither compound of 
titanium (Ti203 and TiCls), supposed to produce the color, is known to occur 
in nature ... 

“Blue quartz occurs as a constituent of the quartz members of the char- 
nockite rock series of India. On microscopic examination Holland found the 
blue quartz to be crowded with minute hairlike inclusions, presumably rutile, 
arranged with crystallographic regularity. Concerning the cause of the blue 
color of the quartz he says^: I conclude that the hairlike inclusions to which 
probably the blue color of the quartz is due, are arranged with crystallographic 
regularity. 


' Watson and Beard: Proc. Nat. Museum, 53 , 561 (1917) 
* Memoirs Geol. Surv. India, 28 , II 138 (1900) 
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his studies of the quartz-feldspar porphyry in which are developed 
phenociysts of sky-blue opalescent quartz from Llano County, Texas, Iddings,* 
states that the blue color of the quartz ‘‘is absolutely due to the reflections of 
blue light-waves from the minute colorless prisms, whose width is a fraction of 
the length of light waves. It is similar to the blue color of the sky. It is prob- 
able, however, that there is also blue light produced by interference of the 
light reflected from both sides of the minute tabular crystals whose width is 
also of the order of a fraction of a light-wave length; so that both kinds of 
phenomena occur within these quartzes.'' 

“In the comagmatic area of titanium-bearing rocks of Amherst and 
Nelson Counties, Virginia, deep blue, opalescent quartz both in minute grains 
and in large masses is an abundant constituent. The blue color of the quartz 
is pronounced even in thin section, and pressure effects are exhibited chiefly in 
granulation, fractures, and wavy extinction. The most pronounced micro- 
scopic character of the quartz is the presence of abundant, closely crowded, 
minute, hair-like inclusions of rutile, which are distributed rather unevenly 
through each grain. After a detailed study of the quartz from this area by 
Watson and Tabcr,^ the following conclusion as to color was stated: “It 
seems probable that the blue color of the quartz characterizing the rocks of the 
Amherst-Nelson Counties area is to be attributed to the multitude of hair-like 
inclusions as explained by Robertson, Iddings, and Holland." 

“A different cause of the color of the constantly present blue quartz in the 
Milford granite of Massachusetts and Rhode Island has been suggested by 
Emerson and Perry* who state that ‘a state of strain has probably produced 
the blue color.' They say, ^‘Most of this quartz is blue, and this color appears 
also in the contact zones and even in the secondary quartz that is found in 
fragments of schist which are inclosed in the granite and which have been 
greatly altered by it. The fractured grains of quartz show with polarized 
light the strongest undulatory extinction, which indicates that a state of 
strain has probably produced the color." The authors do not mention at this 
place (p. 46) the occurrence in the quartz of rutile inclusions, but that they do 
occur is shown in a previous statement, where the contact effect of the Milford 
granite on schists is described. They say that these grains are often full of 
rutile needles, like true granite quartz, 

“The blue quartz of the Virginia rutile area is generally characterized 
microscopically by fractures and microscopically in thin sections of undulatory 
extinction, but the senior writer attributes the blue color of the mineral to the 
behavior of light on the minute rutile inclusions and not to any state of strain. 
This view is strengthened by the fact that heating does not destroy the blue 
color of the quartz." 

Mr. Milligan of the Norton Company, has called my attention to the 
fact that some of the dark grains of commercial Alundum become bluish by 
reflected light when roasted. An examination under the microscope shows 

* J. Geology, 12, 227 (1904) 

* Bull. Virginia Geol. Survey, 3 A, 214 (1913) 

* Bull. U. S. Geol. Survey, 311 , 46 (1907) 
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that the grains are not blue by transmitted light and that the apparent color 
by reflected light is due to the scattering of light by minute inclusions of slag. 
Mr. Mason has found that the scattered light is polarized and vibrates in a 
plane perpendicular to the illuminating beam. The polarization effects are 
complicated by the anisotropic character of the fuscd-alumina grains. This 
alters the plane of vibration of the scattered light, just as it might effect light 
coming from the lower nicol. 

Mr. Mason says that very interesting property of this Alundum is the 
apparent variation of its absorption from light to dark brown. The orienta- 
tion of the ^absorption axis^ and the behavior of various sections show striking 
resemblance to the phenomena of pleochroism; but more detailed examination 
indicates that the variation in absorption is due to variation in the scattering 
of light with the change in the index of refraction of the mineral when the 
plane of vibration of the transmitted, polarized light is changed. For vibra- 
tions in one plane the index of the Alundum is much nearer that of the inclu- 
sions than for vibrations in a plane perpendicular to this, thus altering their 
scattering power. The brown, rather than yellow, shade is due to the rela- 
tive coarseness of the inclusions. 

^The above is a general property of anistropic media, in which fine 
particles are suspended, though apparently it has not been definitely related to 
the Tyndall blue. Von Fedorow^ observed it in finely lamellar, birefringent 
minerals, where it is simply an increased and mult ipdied example of the effect 
known as winkling.^ Schroeder van der Kolk^ has ascribed the phenomena 
to parallel arrangement of the inclusions in the surrounding mineral, which 
implies that he did not recognize the behavior as related to the Tyndall blue. 
His assumption is not necessary to account for the behavior.’’ 

I have seen Venetian liqueur glasses which were amber-colored by trans- 
mitted light and bluish by reflected light. The original glass was probably 
colored; but the blue was evidently a Tyndall blue and the glasses had either 
been reheated to produce partial devitrification or had been cooled very 
slowly. These blues are not especially interesting because the crystals are 
evidently not small enough and because there is no dark background. A more 
interesting case is that of the early Chinese porcelain after we have eliminated 
the contradictions in the various accounts. 

Blacker® says that 'Though we read of porcelain blue as the sky, shining 
as the looking-glass, thin as paper, giving a sound like a musical stone, we 
could scarcely hope to find a specimen after the lapse of so many hundred 
years. Besides, if we did, the piece would be unique and even the experts 
would doubt its identity. Still, the tiny fragments of this precious w’are are 
recognized in China, and arc so valuable that the Chinese have them mounted 
as personal ornaments.” From this one would judge that fragments were 
known and that one could tell from them what color they were. On p. 160 
Blacker makes quite a different statement without any cross-reference. 

* Pseudo^bsorption. Z. Kryst. 22, 128 (1900) 

^ Sammlung Geol. Reichsmuscum Leiden, 6, 89 (1900) 

* Chats on Oriental China, 93 (1918) 
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''We read that in 954 A. D. the Emperor Chin-Tsung ordered some vases 
to be made which should be as blue as the sky after rain when seen between the 
clouds, and it is said that his celebrated porcelain was of this blue, fine like a 
looking-glass, thin as paper, and giving a sound like a musical stone, the nnly 
defect being that the feet of the pieces were of a coarse yellow clay. Alas for 
the romantic story! The most recent catalogue of the Mus6e Guimet at 
Paris, drawn up by the national experts with the assistance of such Chinese 
experts as were available, states that the story is all a mistake. The word 
which was translated 'blue^ should have been translated 'green* which brings 
us back again to Celadon.** 

Burton^ puts more definitely what Blacker was probably trying to sa> 
"The Ju-yao was the ware made at Ju-chou in the province of Honan. This 
was supposed to be a reproduction of one of the earlier mythical wares which 
was described as blue as the sky after rain when seen between clouds. Dr. 
Bushell mentions a fine piece of Ju-yao in his possession, which, however, has 
a delicate greenish glaze with no trace of blue. This is one of those pieces 
with a refractory glaze of such sluggish fluidity that it has never flowed over 
the whole piece. There seems little doubt that this ware was an early type of 
C 41 adon, and we shall probably be nearer the Chinese meaning if we read green 
as the sky after rain, etc.** 

What Burton^ has to say about the porcelain of the Sung period is also 
very interesting. "When we ask for authentic specimens, all the authorities 
are agreed that no porcelain pieces are now known which are earlier than the 
Sung dynasty (960-1259 A. D.), while the Sung productions have become so 
scarce that they are hardly to be procured by the most princely purse, even in 
China itself. We may read poetic accounts, by ancient Chinese writers, of 
early porcelains made before the times of the Sung emperors as being sky-blue 
in colour, brillantly glazed, thin as paper, and emitting a clear musical note 
when sounded; but nothing even remotely approaching such a wonderful 
description has survived to our time ... It may be pointed out that there is 
not a word in this description which would distinguish porcelain from any 
other species of hard-fired pottery, and that, indeed the characteristic quality 
of translucence is never mentioned in any of the ancient accounts of the so- 
called porcelains. Peihaps a potter may be allowed to add that a careful 
examination of the best authenticated specimens of the wares attributed to the 
days of the Sung dynasty leaves little doubt that we are here in the presence of 
the very birth of Chinese porcelain, when the fijrst steps were being taken 
which ultimately led to the appearance of the perfect ware. If we examine all 
the specimens in the best European collections that can with any probability 
be ascribed to the Sung epoch we find only heavy, even clumsy, pieces of 
moderate size and great solidity, with a thick dullish glaze on a dense opaque 
body, so that it is diflScult to decide whether the ware should be regarded as 
porcelain or as stone ware ... 


> Porcelain, 57 (1906; 
* Porcelain, 53 (1906) 
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“The ancient glazes and bodies were made from minerals far less carefully 
washed and prepared than those we have spoken of in the previous chapters. 
The dark colour of the body is one proof of this — the imperfect nature of the 
glazes furnishes additional proof. Yet from these defective materials the 
early Chinese potters managed to win many artistic triumphs; for the glazes 
from their very want of clearness and homogeneity of structure, are famous 
for their opalescent quality. This opalescence manifests itself in a variety of 
ways; sometimes the glaze is delicately veined with lines of more opaque 
whiteness; sometimes it is irregularly splashed or blotched with soft cloudings, 
which render the glaze-colour so subtle and delicate that it reminds one of the 
changing lights on the breast of a dove, or the play of translucent shadows in 
a piece of Mexican ony^. At times the opalescent cloudings or veinings in the 
glaze appear of a delicate brilliant blue — no doubt from the way in which the 
light is scattered by these infinitely fine, white particles.* This blueness has 
generally been attributed to the use of cobalt in the glaze, but I arn strongly of 
the opinion that cobalt was so seldom used that we may leave it out of account 
among the genuine Sung pieces. It is impossible to describe, except to those 
who had the privilege of handling and examining actual specimens of these 
wares, how much the artistic charm of these forerunners of true porcelain is 
dependent on the vaporous softness imparted to the glaze by this opalescent 
quality, nor how much the later porcelain makers sacrifiet?d, in certain direc- 
tions, in their attempts to obtain that pure and uniformly white glaze so nec- 
essary for the display of painted decoration. 

Holson*^ writes that “it is equally certain that many of the changing tints 
in the thick, uneven, bubbly glazes of the Sung vases are due to opalescence 
alone. This has been proved to demonstration by Mr. Burton, who has pro- 
duced from his kilns a porcelain glaze with passages of pale lavender, and even 
flushes of warm red, by using nothing but a thick opalescent glaze entirely 
innocent of colouring matter.^' From this statement one would not gather 
that the glaze was sky blue; but Professor J. N. Collie assures me that it is 
and that, while there is a trace of iron in it, the color cannot be due to iron. 

Professor Collie was good enough to give me two small fragments of a 
Sung blue glaze. The first has a fine, deep sky-blue color by reflected light and 
is yellowish by transmitted light. The second was originally like the fiist; 
but had been fused by Professor Collie and is no longer blue. Mr. Mason 
examined the blue sample for polarization and reports that the blue is unques- 
tionably a Tyndall blue. While this would show up fairl^’^ well against the 
gray or drab body of the Sung porcelain, it would be very much more effective 
on a black base and one would like very much to see a vase with a really fine 
blue on a black backgi-ound. There would be no difficulty nowadays in making 
a much better blue than the Chinese did because we understand the conditions 

* We may note that the blue and purple streaks or patches so often seen in the finest 
Flamb6 pieces produced in the eighteenth century are due to the same cause, though they, 
too, have generally been erroneously attributed to the presen(*e of oxide of cooalt. 

* Chinese Pottery and Porcelain, 50. 
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for maximum eflFectiveness. It is interesting to note however that the Chinese 
were using T 3 mdall blue for decorative purposes nearly a thousand years ago* 
Orton^ reports that a glass mixture of equimolecular parts of sodium oxide, 
calcium oxide, and silica gave ‘^a rough, coarsely vesicular silicate, composed 
of various colors — ^gray and bright sky-blue predominating. It appears 
wholly stony at first sight, but, on close examination, is seen to be a mass of 
crystalline matter, some of the crystals being clearly distinguished by the 
unaided eye. It was apparently not well fused, and was the only one of the 
series giving evidenceof too little fusion. The colors are distributed irregularly, 
and the blue is a prominent factor in it. What this mineral is, cannot be even 
guessed, but it seems evident that the amount of silica present is too small to 
actively engage all of the Na20 and the CaO, and hence several compounds, of 
quite diverse character, have been formed and are mingled in the slag.^' 

While the experimental data, as given, are quite insufficient to prove that 
Orton was dealing with a Tyndall blue, this is a more plausible guess than to 
assume the existence of an unknown, and purely hypothetical, blue mineral. 
These experiments should be repeated. 

There are one or two other things which should be cleared up at the same 
time.® ‘‘Solutions of baryta, when kept in glass bottles for any length of time, 
deposit transparent rhombic crystals of the composition BaSiOa ■ 7H20. 
These crystals lose their water a little above loo®, and become turquoise-blue.'' 

Viola* has studied the blue shimmer of the moonstone and finds that it is a 
Tyndall blue. He is not quite certain what the particles are which constitute 
the turbid medium. In the case of albite it seems to be crystals of albite 
itself. If the Ceylon moonstone, which he was studying, is cut into thin 
plates more than one millimeter in thickness, these are milk-white. With a 
thickness of one millimeter, the plates are practically transparent. The 
scattered blue light increases in intensity as the thickness of the plate decreases, 
reaching a maximum when the thickness is 50 /x. 

It has been known for many years that there is no blue pigment in any 
feather. Over twenty years ago Haecker and Meyer^ showed that the blue 
was a Tyndall blue, the light being scattered by myriads of minute pores 
in the homy mass of the feather, and the blue being made visible by a back- 
ground of dark pigment which prevented the transmitted light from reaching 
the eye. Similar conclusions were reached by Mandoul* whose work seems 
to have been overlooked completely. The identification of the blue of feathers 
as a Tyndall blue has been accepted by some of the physicists,® but not by the 
zoologists. Just recently, Haecker's work has been confirmed and extended 
by Mason^ at Cornell and there can no longer be any question of the accuracy 
of Haecker's views, especially since Mason has succeeded in making the struc- 

‘ Trans. Am. Ceramic Soc. 5 , 312 (1903) 

* Thorpe: Dictionary of Applied Chemistry, 1, 549, 564 (1921) 

* Z. Kryst., 34 , 171 (1901) 

* Zool, JahrbUch, Abt. Syst. Geog. Biol. Tiere, X 5 , 267 (1901) 

* Ann. Sci. Nat., Zool. 18 , 225 (1903) 

« Chwolson: Trait6 de Physique, 2, 354 (1906) 

^ J. Phys. Chem. 27 , 201 (1923) 
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tuj a] blue tubes referred to in the beginning of this paper, and in duplicating 
the appearance and behavior of blue feathers with a Tyndall blue, collodion 
jelly, which is porous. The blues made synthetically by Mason in glass are 
quite as gorgeous as any of the Tyndall blues to be found in feathers. It is 
probably because Haecker did not make a good structural blue that his views 
were not received with much favor. He has, however, come into his own now. 

Since some light can be scattered by dust-free gases and liquids, Strutt^ 
has made ^^an examination of the behaviour of solids in this respect. At the 
first trial it was found that glass scatters very freely, the scattered light being 
blue, and in many cases almost completely polarised . . . Numerous specimens 
of plate glass and optical glass have been examined. These all show the 
scattering, though they differ among themselves in respect of intensity and 
completeness of polarisation. The depth and purity of the blue colour goes 
of course with the latter . . . 

^^These glasses give a polarisation of the same order as the various gases 
where the scattering is molecular. This however is probably an accidental 
circumstance. In the case of glasses, the wide difference between different 
samples suggests that scattering is due in the main to inclusions rather than 
to the molecules. These inclusions arc probably to be regarded as spherical, 
some of them with a diameter not small compared with the wave-longtb. In 
this case the defect of polarisation in glass would be du(‘ to the appreciable 
size of the obstacles, whereas in gases it is due to lack of symmetry. 

“The remaining experiments on solids have reference to quartz in different 
varieties and to Iceland spar. It was found that yellow quartz and smoky 
quartz have the property of scattering light very strongly, the colouring matter 
being evidently distributed in the crystal in the form of small particles analo- 
gous to those found in glass. Preliminary examination of a crystal can often 
be made by immersing it in a trough of highly refracting material such as 
benzene; but to work satisfactorily, it is necessary to have suitable faces cut 
and polished, so that the beam can be sent along the axis of the crystal and 
examined perpendicularly to it. Evidently the scattered light should be 
analysed parallel and perpendicular to one of the principal planes of the 
crystal, for if this is not done, double refraction altogether disturbs the relative 
intensities of the images. 

“With a crystal of yellow quartz from Madagascar, the polarisation of the 
scattered light was tolerably complete, the weak image having about o . 7 per 
cent of the intensity of the strong one. This is decidedly more perfect polarisa- 
tion than was obtained with any of the gases examined in the earlier investiga- 
tion. The stronger image was bluish, but the fainter image was a very rich 
blue, no doubt the same as the 'residual blue^ observed by Tyndall in precipi- 
tated clouds, when the particles were no longer very small compared with the 
wave-length. A sample of smoky quartz from Brazil gave less intense scatter- 
ing than the above; the scattered light was, however, of a good sky-blue 
colour. The weak image had about three per cent of the intensity of the 
strong one . . . 


* Proc* Roy. Soc. 95 A, 476 (1919) 
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^‘Intensity comparisons were made between the total light scattered by 
clear quartz and by the other media, by the method formerly described, of 
altering the lens aperture until photographic intenrity was equalised. The 
results were as follows: dust-free air, i; clear quartz, 8; plate glass, 300; 
liquid ether, 900. This last is the old result for liquid ether and represents the 
least scattering I could get, after treating the ether in various ways. I am not 
satisfied that it is a really definite result for pure ether. The problem of obtain- 
ing such a result is far more difficult for liquids than for gases. I have also 
observed a scattering, strong compared with that of air, in a rhomb of clear 
Iceland spar. No intensity measurements were made. 

'Tt is probable that even in the clearest crystals, the residual scattering 
is of the same character as that seen in obviously smoky quartz, and is due to 
inclusions which have no relation to the crystalline stnicture. Different speci- 
mens of apparently clear quartz vary considerably in their scattering power a 
fact which can hardly be explained on any other view. The numbers above 
quoted for quartz and glass arc merely illustrative, and refer only to the par- 
ticular specimens. 

“The molecules in the crystal are regularly spaced, and at a distance 
apart small compared with the wave-length of light. So far as they are con- 
cerned, the crystal behaves like a diffraction grating with its spacing less than 
the wave-length. Under these circumstances the secondary disturbances 
destroy one another by interference, and there is no molecular or atomic 
scattering. With much shorter waves (X-rays) the well-known diffraction by 
crystals comes into evidence.^' 

The Tyndall blue that we get with light-colored powders on a dark 
ground is not really a case of Tyndall blue in solids because the external phase 
is air; but it seems worth while to include it. 

KoyP says that “those who are familiar with the methods of blow-pipe 
analysis have observed faint borders occasionally surrounding some of the 
colored charcoal coatings, the colors of these borders seemingly bearing no 
relation to the characteristic colors of the adjoining oxides. For instance, the 
white coating of antimony is generally accompanied with a blue border, the 
brownish oxide of cadmium occasionally with a green, while the lead and 
bismuth yellows not unfrequently have a whitish ring inclosing them. As 
these occur only and always where the coating is very thin they have a sig- 
nificance different from that of the ordinary colors, and as they may be pro- 
duced at pleasure from the purest specimens they cannot be due to mixtures 
of the metals. A possible analogy with the antimony blue was suggested by a 
consideration of the colors of the sky, and to prove the connection it was 
simply necessary to show the similarity of attendant phenomena. As is well 
known, it is believed that the blue of the sky is due to the presence in the at- 
mosphere of suspended particles, so fine that they are unable to reflect the 
longer rays of the spectrum which accordingly are transmitted and the uzdon 
of the remainder gives to the sky its blueness. At evening, the dcy is red 


» Am. X Sd. (3) 20, 187 (1880) 
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because we get the rays of the sun directly transmitted or reflected from the 
clouds. Thirdly, the light of the sky, reflected at an angle of 90° with the 
sun, is plane polarized. 

“When an antimony coating had been produced which gave, beyond the 
white oxide, a blue well-defined and full, the whole was illuminated in a dark 
room by a sodium flame and that the blueness was no psychical or physiolog- 
ical effect as distinguished from ordinary vision was proved by the fact that 
here it almost completely vanished while the white presented the usual 
ghastly appearance. A blue book-cover, treated in the same manner, gave 
more reflection than did the blue coating. 

“Experiments with the polariscope were at first inconclusive from the 
fact that though the light from the blue coating was largely pc larized, so, to 
some extent, was also that irregularly reflected from the charcoal, and it was 
found necessary to cover the block with a thin layer of carbon from a gas- 
flame. The repetition of the test then showed that the i)roportion of light 
polarized by the layer of carbon, at the given angle, was almost nothing; 
that by the thick white coating, small; while on the blue the phenomenon 
was almost complete. What light here was not polarized was evidently 
reflected from the larger particles mixed with the fine, for the analyzer, while 
it did not totally extinguish the light, yet excluded nearly all appearance of 
blueness. 

“In order to determine the character of the transmitted light, a micro- 
scope covering-glass was inlaid in the charcoal and the oxidation so executed 
that the glass was in the center of a small area all of which was blue. On 
removing the glass, the light which passed through, proved to be of the expect- 
ed yellow, though less brilliant than anticipated. The color might be seen 
either by transmitting the direct light of the sun or by placing the glass at 
such an angle that total reflection was produced and thus in the passage of the 
rays through the layer to the glass and out through the layer to the eye the 
blue was principally lost and only the mixture of longer rays appeared. Viewed 
through a microscope, the result was the same. I have since, however, 
improved upon this plan by the more convenient method of covering with 
carbon a piece of ordinary window-glass, three inches by two, and then pro- 
jecting the oxide upon the opposite surface of the plate. There is thus no 
difficulty in distinguishing a very slight amount of color in the coating and 
for transmitted light, any portion of the carbon may be easily removed. 

“This case, a type of all charcoal coatings which shade off to blue in thin 
layers, appears thus parallel to that of the sky color and the theory which is 
accepted for the one will also satisfactorily explain the other. 

“To account for the cadmium green we have only to note that if the 
substance upon which we arc experimenting has the power of absorbing the 
shorter rays of the spectrum, the reflected light would from a heavy coating 
be yellowish or reddish, the particular shade depending upon the amount of 
absorption of violet and blue; and the formation of a layer as thin and of 
partides as fine as before should result in giving us the color of the shortest 
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rays which the substance is capable of reflecting, viz: in this case, green. 
The coating of cadmium has exactly this appearance and shows the effect of 
the gradual transmission of red by shading from the original color (dark red) 
through yellow into a fine green. As before, the light reflected from the thin 
layers is highly polarized and the rays which pass through form a deep, dark 
red. In exceptional cases, it is possible to produce such a thin coating that the 
extreme edge is fringed with a faint blue. 

‘‘The other case, lead, is now easily explained. This metal gives a coating 
of which the color is a beautiful chrome yellow, and regarding this merely as a 
repetition of the preceding phenomenon and the yellow as compounded of 
rays from the whole range of the spectrum but not in the upper proportion to 
form white, the line of thought suggested evidently is that if the layer be 
decreased in thickness regularly from the center to the circumference of the 
charcoal, there ought to be, at some distance from the centre, a zone within 
which sufficient red should be transmitted to equalize the amount of blue lost 
by absorption and the reflected rays should form a yellowish white. Beyond 
this, as the thickness of layer still decreased, the color should be blue for the 
same reason as in the cases of antimony. The white zone is easily produced 
and the blue border, which always surrounds it, polarizes the light as before 
and transmits orange colored rays. 

*^The theory, once given, serves to explain nearly all the anomalous 
colorings of the charcoal coatings: — the bluish borders which occasionally 
skirt almost any of the metallic oxides, the ^‘peacock tails^’ of cadmium, etc., 
and thus does away with the necessity of supposing the presence of impurities 
(though, by the way, no impurity would solve the problem in the case of the 
cadmium green.) 

‘Trom a physical standpoint, the experiments seem interesting as an 
extension of our knowledge of the action of these small particles upon light. 
Had not the subject presented itself in this way, we would scarcely have 
guessed that such a change in reflecting power could have been produced by so 
small a change in size and thickness.’’ 

Merwin^ has made quite a study of the behavior of white pigments, both 
alone and mixed with black. ‘*The most important characteristics contribut- 
ing to the eflSciency of a white pigment are non-absorbing power, high refrac- 
tive index, weak optical dispersion, fineness and evenness of grain. If optical 
dispersion is strong, the reflecting power for blue and violet light may be so 
much greater than for red as to give the pigment a bluish color under certain 
conditions. There is a critical size of grain for each homogeneous white pig- 
ment, depending upon the optical properties of the grains and vehicle and the 
distribution of the pigment grains. This size is from about 0.5 to 1.0/4. 
Larger grains have too little reflecting surface per volume of substance, and 
grains much smaller do not act as regular reflectors at all unless very close 
together, but they scatter light. Grains having a diameter close to a wave- 
length of green light in oil — 0.35^1 — ^may reflect violet more strongly than 
red. Neither scattering, nor the differential reflection just referred to, have 

^ Proo. Am. Soc. Testing Materials, 17 II, 503 (1917) 
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significant effect on the tint of a white pigment, provided the grains are close 
together and in a thick film, as they are on a well-painted surface. For, 
although the red penetrates deeper, it is finally scattered or reflected to prac- 
tically the same degree as the blue. But if the film is thin or the particles are 
widely spaced, considerably more red than blue finds its way through the 
film. Suppose such a film covers a black surface, them the excess of red is 
absorbed by the surface and the film-covered surface has a blue-gray appear- 
ance.* A white pigment containing no grains less than 2/4 in diameter under 
the same conditions produces a neutral gray. In certain mixed pigments these 
effects of size of grain are vei*y pronounced. 

** Samples of the various white pigments were tested over a black surface. 
All of them gave more or less bluish grays, dependent upon the amount of very 
fine grains which they contained. Search was then made amongst a large 
assortment of chemicals — in the form of white powders — to find one which 
would produce over bla(*k a true neutral gray, and which would also be a 
fairly ^strong’ wliite. A sam[)le of lead sulfate was found satisfactory. Its 
grains ranged between 2 to 5/4. This sample may be called a 'true^ white.” 

''Most of the zinc-oxide pastes contain enough material finer than i /x to 
add considerable blue color, due to scattering somewhat, to paints in which 
they are mixed, and to reduce the hiding power of the paints . . . 

"The true white previously described was mixed with several black 
pigments to produce grays. Oraphite and lami)black produced neutral grays, 
but ivory black and magnetic oxulc black produced slightly brownish (orange) 
grays. The finest grain French-process zinc oxides, with graphite and lamp- 
black, produced veiy blue grays; some contained as much as 10 per cent blue. 
American-process zinc oxides and other commercial white pigments gave grays 
containing 2 to 5 per cent Iflue. Thus, in mixture with black, these fine-grain 
whites give blue grays which are, however, less blue than may be produced 
over a background of black. The orange tinge of grains of ivory black and 
magnetic-oxide black may neutralize the blue which white pigments produce 
in mixtures, so that neutral grays can be made. A test was made to determine 
how much blue would be required to be mixed with a true white, to give ivory 
black a blue-gray like that produced by graphite and White-Seal zinc oxide. 
The blue pigments used were ultramarine, Prussian blue, and true cobalt blue. 
It was found that a bright blue, corresponding to 70 to 80 percent blue, was 
required.” Mr. Clyde Mason has called my attention to the fact that the 
bluish bloom on some fruits and the blue color of the blue spruce arc Tyndall 
blues, the light being scattered by fine hairs or fine powder. The intermediate 
blue stage before varnish has been made white by water is a Tyndall blue, 
though the details have not been worked out. This article shows that Tyndall 
blues in solids are not infrequent in nature and in art. This account is not 
exhaustive and it is hoped that more cases will be described now that attention 
has been drawn to some of the types. 

Cornell University 

^ A blue of considerable brilliancy (blue 25 parts, neutral gray 75 parts) can be pro- 
duced by pressing a film of very fine-grain zinc oxide paste very thin, under a cover glass on 
a glass dip blackened on the under side. 



THE FORMATION OF ARSENATE JELLIES 

BY HARRY B. WEISER AND ALLEN P. BLOXSOM 

Historical 

Forty years ago Grimaux' made the interesting observation that the 
dialysis of a colloidal solution of ferric arsenate peptized by ferric chloride 
resulted in the formation of a firm transparent jelly having a reddish yellow 
color. More recently Holmes and his pupils® have extended the investigations 
of Grimaux and have found that firm jellies are obtained by the dialysis of 
colloidal solutions of ferric arsenate peptized by NH4OH, HCl, HNOs FeCls, 
and Fe(N 08)8 but not by H2SO4 or Fe2(S04)s. Similarly jellies were obtained 
by dialysis of a solution of cadmium arsenate peptized by FeCL and of solu- 
tions of arsenates of chromium and aluminium peptized by their respective 
chlorides. Ferric arsenate was prepared by adding ferric chloride to an excess 
of alkali arsenate. The latter is absorbed strongly but a great deal can be 
removed by washing. The unwashed precipitate peptized by FeCls sets to a 
jelly more quickly than if the precipitate is washed. The precipitate obtained 
with different arsenates of the alkali metals required different times to set. 
Those prepared with the ammonium salt set most quickly and with the lithium 
salt least quickly, the accelerating influence of the series decreasing in the 
order NH4 > K > Na > Li. 

In a later communication Holmes and Fall* pointed out that the forma- 
tion of a jelly by dialysis of a colloidal solution of ferric arsenate peptized by 
FeCls was probably due to the slow removal of the acid derived from hydro- 
lysis of ferric chloride. It was thought that the equilibrium represented by 
the following equation was set up: 

Feo(HAs04)8+6 HCl 2 FeCL-fa H3ASO4 

and that dialysis removed HCl permitting the separation of ferric arsenate in 
the form of a jelly. It seemed probable that the same result could be obtained 
by decreasing the hydrogen ion concentration by the addition of a base; but 
when this was attempted a lumpy precipitate and not a jelly was obtained. 
However jellies were prepared by allowing NH4OH, Ca(OH)2, or NaC2H302 
to diffuse slowly into the colloidal solution through a membrane of goldbeater^s 
skin. 

Coloriano^ obtained a rose colored jelly by adding a solution of arsenic 
acid to a warm solution of manganese carbonate. The jelly broke down 

1 Compt. rend., 98 , 1540 (1884) 

* Holmes and Rindfusz: J. Am. Chem. Soc., 38 , 1970 (1916); Holmes and Arnold: 
Ibid 40 , 1014 (1918) 

» J. Am. Chem. Soc., 41 , 763 (1919) 

♦Bull. 45 , 71 1 (1886) 
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quickly with the formation of crystals having the composition MnHAs04 * H2O. 
Diesz^ prepared a clear stable jelly by mixing solutions of MnC -b and KH2ASO4. 
The primary arsenate Mn(H2As04)2 is very soluble^ and the jelly was found to 
consist of MnHAs04 formed in accordance with the following reaction: 

Mn*‘+H2As04' = MnHAs 04 +H * 

Since an equilibrium is set up, the quantitative pn'cipitation of the manganese 
as MnnAs04 is impossible but. the amount thrown down may be increascTl by 
adding an excess of KH2ASO4 or by heating. If the hydrogen ion is neutralized 
by ammonia so as to displace the equilibrium to the right some ASO4'" ions is 
formed and a mixture of the secondary and tertiary salts results. Jellies con- 
taining tertiary arsenates were found to be cloudy. 

Klemp and GjTlay® obtained arsenate jellies by adding ammonium 
sulphate, acetic acid and an excess of sodium arsenate to solutions of salts of 
zinc, iron, manganese and cadmium. Later Diesz** called the attention of 
Klemp and (jyrlay io the work on manganese arsenate jellies, after which 
th(\y found that good jellies of zinc arsenate and cadmium arsenate could be 
obtained without the use of ammonium sulphate by mixing a solution of the 
metallic salt either with a solution of Na3As04 neutralized by some acid or 
directly with KH2ASO5. 

Theoretical 

Structure, A large amount of work has been done by a iiumlxT of inves- 
tigators in an attempt to determine the structure of jellies. Although there is 
considerable difference in opinion as to the iwact structure, it is now quite 
generally recognized that the formation of a network is an important step in 
the process of jelly formation. In 1858 Nfigeli^ advancaxl the theory that 
jellies owe their characteristic properties to a loose network or aggregation of 
ultramicroscopic or amicroscopic particles. This view was fJaboratcd by 
Zsigmondy and Bachmann^ in 1912 and has been supported by recent inves- 
tigations on silicic acid jellies by Anderson^, on starch-water jellies by Meyer‘S 
and on soap jellies by Bachmann*® and McBain^b As might reasonably be 
expected the exact nature of the network varies considerably in different 
cases. In certain cases the structure appears grainy and, in others, definite 
fibrils or filaments have been observed, particularly in the soap jellies of 
Bachmann and McBain. The filaments, where these occur, likewise show 
individual variations. Thus, Flade*^ from a study of barium malonate 

1 Kolloid-Z., 14 , 139 (1914) 

* Schiefer: Z. gesamt. Natiirwiss., 23 , 347 (1864) 

» Kolloid-Z., 15 , 202 (1914) 

* Ibid., 16 , 16 (1915) 

» Ibid., 22, 57 (1918); 28 , 262 (1921) 

* N^eli and Schwendener: Daa Mikroscop, 2 Ed. (1877); Theorie der Garung, (1879) 

^Zsigmondy: Z. anorg. Chera., 71 , 356 (i 9 Ji)J Kolloid-Z., 11 , 145 (1912); Bach- 
mann: Z. anorg. Chem., 73, 125, (1912) 

* Z. phys. Chem., 88, 191 (1914) 

* Kolloidchem. Beihefte, S, i (1913) 

Kolloid-Z., II1I45 (1912) 

“ Laing and McBain: J. Chem. Soc., 117 , 1506 (1920) 

Z. anorg. Chem., 82 , 173 (1913) 
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jellies concluded that jellies in general consist of a texture of probably crystal- 
line threads; while Stubel^ in 1914 pointed out the resemblance of jelly fila- 
ments to linear crystals; and HowelP in 1916 introduced the term crystalline 
gel. Bradford* considers gel formation as a process of crystallization; 
MoeUer^ likewise believes that threadlike crystals form a lattice that entrains 
the liquid; and von Weimarn® concludes from his investigations that a jelly 
is a sponge composed of highly disperse, crystalline granules soaked in disper- 
sive medium. The view that gel formation is merely a process of crystalliza- 
tion is contradicted by the investigations of Barrett* and McBain^ although 
both of the latter are strong supporters of the filamentous structure. Bogue* 
considers gelatin jelly to be made up of streptococcal threads of molecules. 
Harrison® agrees that many jellies possess a fibrilar structure but he obtained 
photographs of gelatine and cellulose jellies that showed the presence of 
minute particles joined together in a somewhat irregular manner. Alexander^® 
believes that the polar nature of molecules may tend to produce some kind of 
orientation and that some chain-like structures may be formed; but that the 
formation of chains or threads is not an essential of gel formation. He admits 
however that polar groupings in chains probably takes place to a considerable 
extent in dilute solutions of gelatine. It seems to me altogether unlikely that 
jellies of widely different substances should be essentially identical in structure; 
but investigators have apparently sought to establish such an identity. 
Studies on specific jellies have led some to conclude that all jellies are made 
up of amorphous threads, others that they are all composed of crystalline 
threads and still others who fail to find any threads or filaments at all but 
observe an irregular grouping of particles. Doubtless all are right in specific 
cases so that it would seem that in order to get a jelly all that is necessary is to 
precipitate uniformly throughout a solution a very finely divided crystalline 
or amorphous substance that adsorbs the solvent very strongly. These finely 
divided particles may form fibrilar threads or they may unite in a more irregu- 
lar fashion forming trees, radials or something analogous to a string of beads. 
The resulting network of myriads of hydrous particles constitutes the gel 
structure. The amount of the dispersed phase that must be present to form 
a firm jelly is determined by the size of the particles and the extent to which 
they adsorb the dispersing liquid. 

Formation of concentrated jellies: von Weimam^s Theory, Von Weimarn*^ 
made a systematic study of the form in which substances precipitate from 
solution. He pointed out that precipitation depends on a number of very 

^ Pfluger’s Archiv, 156 , 361 (1914) 

2 J. Physiology, 45 , 26 (1916) 

® Biochem. J., 12, 351 (1918) 

< Kolloid-Z., 23 , ii (1918) 

• J. Russ. Phys. Chem. Soc., 47 , 2163 (1915) 

• Biochem J., 14 , 189 (1920) 

’ Loc. cit. 

• Chem. Met. Eng., 23 , 61 (1920); J. Am. Chem. Soc. 44 , 1343 (1922) 

• “The Physics and Chemistry of Colloids and their Bearing on Industrial Questions”, 
57 

“Glue and Gelatine”, (1923) 

“ '‘Grundztige der Dispersoidohemie”, 30 , (1911) 
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different factors; on the solubility of the substance; on the latent heat of 
precipitation; on the concentration at which the precipitation takes place; 
on the normal pressure at the surface of the solvent; and on the molecular 
weights of the solvent and the solute. He points out the impossibility of 
taking all of these factors into account and simplifies the problem by consider- 
ing first but two of the factors, the solubility of the precipitating substance and 
the concentration at which precipitation begins. The effect of viscosity is 
discussed briefly in a later work^ The process of condensation (prt^cipitation) 
is divided into two parts; the first stage, in which the molecules condense to 
invisible or ultramicroscopic crystals; and the second, which is concerned 
with the growth of the particles as a result of diffusion. The velocity at the 
important first moment of the first stage of the precipitation is formulated 
thus : 


( ondensation pressure — b P 

W = K ^ . . . . _ = K = K U 

C ondensation resistance L L 

where W is the initial rate of precipitation; Q the total concentration of the 
substance that is to precipitate; L the solubility of coarse crystals of the 
substance ; Q - L = P, the amount of supersat uration. The ratio P/L = U is the 
percentage supersaturation at the moment precipitation begins. 

The velocity of the second stage is given by the Nernst -Noyes equation: 

v= jX), (C-1) 

where 1 ) is the diffusion coefficient; S the thickness of the adherent film, 0 the 
surface, C the concentration of the surrounding solution and 1 the solubility of 
the dispersed phase for the given degree of dispersity. C-l may be termed the 
absolute supersaturation. 

From these general formulations von Weimarn arrives at the conclusion 
that jellies are obtained only when the ratio P/L, that is, the percentage 
supersaturation U, can be made enormous. It is pointed out that the nature 
of a precipitate is quite different depending on whether a given value of U is 
obtained by a large P or by a small L. If a large U is obtained by a high value 
of P, a large amount of disperse phase is produced and a gel forms while if P is 
small and L very small, a relatively small amount of disperse phase is produced 
and a sol is formed. Von Weimarn has demonstrated the accuracy of his 
deductions in a large number of cases using reacting solutions of high concen- 
trations; and it is apparently true that any salt can be obtained in a gelatinous 
form if the concentration of the reacting solutions and so the velocity of pre- 
cipitation is sufficiently high. Thus von Weimarn^ prepared jellies of sub- 
stances like BaS04 which usually precipitate in the form of crystals by mixing 
very concentrated (3 N - 7 N) solutions of manganese sulphate and barium 

^ZurLehre von den ZustUnden der Materie, 21 , (1914); Kolloidchcm. Beihcftc., 
4 , loi (1912) 

* ^'Zur Lehre von den Zustanden der Materie”, 21 (1914) 
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thiocyanate. This is not the condition under which jellies are usually obtained^ 
and their existence is temporary. By mixing very high concentrations of 
materials that react to form an insoluble precipitate, a very large number of 
particles are formed because of a high degree of supersaturation. ^ Each of the 
myriads of minute particles adsorbs a little water and so the whole amount of 
liquid is enclosed thus forming what has been termed a jelly. These so-called 
jellies break down on standing on account of growth of the particles and the 
consequent liberation of adsorbed water. I do not believe that precipitates 
in which the ratio of moles of water to moles of salt is say 20 : i or 25 : i 
should be considered as jellies in the same sense as precipitates in which this 
ratio is two or three hundred times as great. Very finely divided sand or 
Fullcr^s earth maj’^ be matted in the bottom of a test tube and this solid will 
take up a great deal of water l)efore a supernatant water layer is observed; 
but 1 should not call such a preparation a jelly. It seems to me that von 
Weimarn^s barium sulphate jelly may be similar except that the particles are 
much smaller and so a given amount will take up more water. On the other 
hand with true jellies where the amount of enclosed water may be relatively 
enormous, time must be allowed for the formation of a definite structure. As 
a matter of fact von Weimarn^ recognizes a difference between a BaS 04 jelly 
prepared by his method and a jolly formed by uniform gelatinization of a 
liquid throughout its mass as in the case of gelatine jelly. The former he 
terms a ‘^coarsely cellular goF' and the latter a ^‘reticulated gel.^' Be this as it 
may, the important thing is that von Weimarn’s method is not the usual one 
for obtaining dilute jellies. 

Formation of fellies by precipitation from colloidal solution. Since finely 
divided particles that adsorb water strongly are of primary importance for the 
formation of a hydrous jelly it would seem that the most promising method of 
preparing dilute jellies would be to precipitate hydrous substances from col- 
loidal solution. The von Weimarn theory tells us, of course, that this precipi- 
tation would have to take place at a suitable rate under conditions that are 
not conducive to growth of the individual particles; but it docs not enable us 
to predict the optimum rate of coagulation, the effect of salts on jelly formation 
or the conditions that determine the formation of a jelly rather than a gelatin- 
ous precipitate. As a result of recent investigations on the formation of 
typical dilute inorganic jellies I have outlined the general conditions of jelly 
formation and the effect on the process of various factors other than the 
percentage supersaturation “at the important first moment of the first stage 
of condensation'^ from molecules to invisible crystals. Jellies would be expect- 
ed to form from colloidal solution if a suitable amount is precipitated at a 
suitable rate without agitation in the aibsence of a medium that exerts as 
appreciable solvent or peptizing action. If the concentration of the colloid is 
too low, no jelly or only a very soft jelly can result. If the velocity of precipi- 
tation IS too great, contraction is likely to occm with the formation of a gela- 

^ Bancroft: J. Phys. Chem. 24 , 100 (1920) 

* J. Russ. Phys. Chem. 80c., 47 , 2163 (1915) 
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tinous precipitate instead of a jelly. The effect of the presence of salts on 
jelly formation is therefore determined in large measure by the precipitating 
and stabilizing action of the ions in so far as these affect the rate of precipita- 
tion. In general .a slow rate of precipitation is to be preferrred if there is no 
tendency of the particles to grow as a result of the solvent action of the electro- 
lyte. The favorable concentration for different electrolytes is in the immediate 
region of their precipitation concentration. A little below this value no pre- 
cipitation or only a slight precipitation takes place while above this value 
coagulation is usually so rapid that a gelatinous precipitate is formed instead 
of a jelly. The reason is that time is not allowed for uniform mixing of the 
colloid with coagulant and the slow uniform precipitation that is necessary 
for the building of a uniform jelly structure is replaced by rapid uneven 
coagulation and the consequent contraction that distinguishes a gelatinous 
precipitate from a jelly. 

Formation of jellies by dialysis. From the point of view outlined in the 
foregoing section, the formation of jellies by dialysis of a colloidal hydrous 
substance is readily understood. Dialysis merely removes the stabilizing ion 
slowly and uniformly below the critical value necessary for peptization and 
precipitation results just as if the adsorption of the stabilizing ion were com- 
pensated for or neutralized by the addition of an electrolyte having a suitable 
precipitating ion. 

Formation of dilute jellies by metathesis. The von Weimarn theory tells 
us that mixing dilute solutions that interact at once will not give a jelly since 
the percentage supersaturation P/ L==U is too small because of the small valu(‘ 
of P, As a matter of fact however jellies have been obtained under certain 
conditions by mixing quite dilute solutions in which P is small and in which L 
is sufficiently large that precipitation is slow and quantitative precipitation 
impossible so that P/L==IJ, is quite small. Such cases are apparently not 
covered by the von Weimarn theory. It is quite possible to obtain a gelatin- 
ous precipitate by mixing dilute solutions of two salts which precipitate 
immediately (P small; but L very small) but a jelly will not form under these 
conditions. The reason is evident when we consider the impossibility of getting 
the instantaneous mixing of the solutions which is essential for uniform pre- 
cipitation throughout the solution. One part is precipitated before another is 
mixed with the precipitant and the homogeneity which is characteristic of a 
jelly is lost. Moreover the mixing itself will tend to destroy the jelly structure. 
The results are therefore not unlike those obtained when a colloid, capable of 
forming a jelly by slow^ precipitation, is coagulated too rapidlj’^ by the addition 
of excess electrolyte. To obtain a jelly from a colloidal solution it is necessary 
to add such an amount of electrolyte that thorough mixing is possible before 
appreciable coagulation takes place. From these considerations it follows 
that precipitation of a hydrous substance as a result of double decomposition 
might form a jelly instead of a gelatinous precipitate in case the thorough 
mixing of the solutions could be effected before precipitation begun and in 
case the precipitation once started proceeded at a suitable rate. Such condi- 
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tions do not obtain as a rule; but they are quite possible theoretically. Thus 
the precipitation may be the result of a step-wise reaction, one step of which 
proceeds at a suitably slow rate. It is further possible to have a reaction that 
proceeds very slowly at low temperatures but with marked velocity at higher 
temperatures. This would not only allow of mixing without precipitation but 
would enable one to control the subsequent rate of reaction by a suitable 
regulation of the temperature. 

Such a favorable combination of circumstances apparently obtains when 
a manganese salt of a strong acid and KH2ASO4 are mixed. The latter salt 
ionizes thus: 

KH2ASO4 K' +H2ASO4' 

but on account of the solubility of Mn(H2As04)2 no Mn ions are removed from 
solution by interaction with H2ASO4'. However the latter ion undergoes 
secondary ionization to a slight degree as follows: 

H 2 ASO 4 ' H*+HAs04" 

and insoluble MnHAs04 is formed in accord with the following reaction : 

Mn- +HASO4" = MnHAs04 

Since the precipitation of MnHA804 is accompanied by the formation of an 
equivalent amount of free hydrogen ion in solution an equilibrium is set up 
which prevents the complete precipitation of the manganese. However the 
amount of MnHAs04 formed and the rate of formation by the above process 
are apparently influenced to a marked degree by the temperature, so that 
we should be able to realize experimentally the conditions most favorable for 
the formation of a jelly by direct precipitation from solution. 

Experimental 

Ferric arsenate jellies. Colloidal ferric arsenate was prepared as des- 
cribed by Holmes and Arnold by adding ferric chloride in excess to a solution 
of N Na2HAs04. 600 cc of the colloid containing the equivalent of 18 g 
Fe2(HAs04)3 was dialyzed in the cold with the Neidle dialyzer. If a consider- 
able excess of FeCh is not employed, the colloidal solution sets to an opaque 
yellowish white jelly on dialysis over night. With a large excess of ferric 
chloride prolonged dialysis was necessary to obtain a jelly which in this case 
was perfectly clear, firm and yellowish red in color. The red color is undoubt- 
edly due to the presence of colloidal ferric oxide formed by hydrolysis of the 
chloride, as pointed out by Holmes. 

A colloid prepared by mixing 400 cc of N FeCla and 200 cc of N Na2HAs04 
was dialyzed for several days. 20 cc portions of the colloid were diluted to 
40 cc and in them were suspended parchment thimbles containing 5 cc of 
electrolytes. The electrol3rte diffused slowly through this parchment and 
precipitated the colloid. Observations were made after a considerable amount 
but not all of the solution was coagulated. The results are given in Table I. 
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Table 1 

Precipitation of Colloidal Ferric Arsenate by Electrolytes 


Precipitant 

Nature of precipitate 

N Citric acid 

Gelatinous precipitate; partly dissolved 

o.i N Citric acid 

Jelly somewhat cloudy 

0.0 T N Citric acid 

Clear jelly 

N Phosphoric acid 

Gelatinous precipitate; partly dissolved 

0.1 N Phosphoric acid 

Jelly somewhat cloudy 

0.0 1 N Phosphoric acid 

Clear jelly 

o.T N Sulphuric acid 

Cloudy jelly 

o.oi Sulphuric acid 

Clear jelly 

N Sodium sulphate 

Cloudy jelly 

0.1 N Sodium sulphate 

- Jelly somewhat cloudy 

0.01 N Sodium sulphate 

Clear jelly 


The results recorded in Table I confirm the conclusion that ferric arsenate 
jellies may be formed by adding a suitable amount of precipitating electrolyte 
to the colloidal solution of the salt. If the concentration of the electrolyte 
within the membrane is too great the precipitation concentration is reached 
quickly near the surface of the membrane so that rapid precipitation takes 
place at once at this point and continues step-wise with the formation of a 
gelatinous precipitate. With a dilute solution the precipitation concentration 
is attained slowly throughout a considerable portion of the colloid and the 
uniform coagulation results in a jelly. It will be recalled that Holmes believed 
that jellies were formed by dialysis of ferric ansenate on account of the removal 
of H’ ion and the consequent shifting to the left of the equilibrium represent- 
ed by the equation 

Fe2(HAs04)3+6 Ha:^2 FeCh+s HgAsCV 

While it is t rue that HCl shows both a solvent and peptizing action on ferric 
arsenate, the latter is the only one of importance with low concentrations of 
acid. It would seem therefore that the reduction of the hydrogen ion concen- 
tration below a critical value was important largely" because hydrogen ion 
happened to be the stabilizing ion. If this is the case then the addition of an 
electrolyte having a strongly adsorbed cation would neutralize the adsorbed 
hydrogen ion and so would have the same effect as decreasing the actual 
hydrogen ion concentration in solution. Indeed the hydrogen ion concentra- 
tion in the solution might even be increased by the addition of an acid with a 
multivalent anion that is strongly adsorbed providing the solvent action of 
this acid is not too great. The accuracy of the conclusions is indicated by the 
results given in Table I. From the observations there seemed to be no neces- 
sary reason for adding the precipitating electrolyte slowly by diffusion through 
parchment. A suitable concentration of electrolyte added directly to the 
colloid should produce the same I’esults. This was found to be the case as 
shown by the experiments recorded in Table II. To 5 cc of the colloid was 
added the amount of electrolyte shown in the first column in the table; 
observations were made after allowing the mixture to stand for the period of 
time noted in the third column. 
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Table II 


Precipitation of Colloidal Ferric Arsenate by Electrolytes 


Electrolyte added 
to 5 cc colloid 

Final 

Volume 

cc 

5 cc N/ioo H2C2O4 

lO.O 

6 cc N/ioo 

i) 

II, 0 

0.2 cc N/10 


5-2 

0.3 cc N/ 10 


5-3 

0.5 cc N/ 10 

yy 

5-5 

0.6 cc N/io 

yy 


4 cc N/ 100 H2SO4 

9.0 

6 cc N/ioo 

yy 

II. 0 

8 cc N/ioo 

yy 

13.0 

0.2 cc N/io 

yy 

5-2 

0.4 cc N/io 

yy 

5*4 

0.8 cc N/io 

yy 

5.8 

1.5 cc N/io 

yy 

6.5 

4 cc N/ 100 H8PO4 

9.0 

6 cc N/ioo 

yy 

II. 0 

0.2 cc N/io 

yy 

5.2 

0.4 cc N/io 

yy 

5.4 

0.8 cc N/io 

yy 

5.8 

1. 5 cc N/io 

yy 

6.5 

o.i cc N/io Citric 

5.1 

0.2 cc N/io 

yy 

5.2 

0.4 cc N/10 

yy 

5.4 

0.6 cc N/io 

yy 

5.6 

i.o cc N/ 10 

yy 

6.0 

2 cc N/ioo NH4OH 

7.0 

3 cc N/ioo 

yy 

8.0 

5 cc N/ioo 

yy 

lO.O 

o.i cc N/io 

yy 

5.1 

0.2 cc N/io 

yy 

5.2 

0.5 cc N/io 

yy 

5‘5 

I cc N/ioo NaC2H302 

6.0 

2 cc N/too 

yy 

1 7.0 

3 cc N/ioo 

yy 

8.0 

5 cc N/ioo 

yy 

lO.O 

0.2 cc N/io 

yy 

5.2 

0.3 cc N/io 

yy 

5*3 

0.5 cc N/io 

yy 

5.5 

I cc N/ioo Na2S04 

6.0 

1.5 cc N/ioo 

yy 

6.5 

2 cc N/ 100 

yy 

7.0 

6 cc N/ioo 

yy 

II.O 


Time 

Nature of precipitate 

10 da 

No precipitate 

10 da 

Partly precipitated, gelatinous 

7 da 

Perfectly clear jelly 

4 da 

Perfectly clear firm jelly 

I da 

Firm opalescent jelly 

I hr 

Firm opaque jeUy 

I da 

Perfectly clear jelly 

I da 

Firm slightly opalescent jelly 

I da 

Firm opalescent jelly 

4 da 

Perfectly clear jelly 

3 da 

Firm jelly; slightly opalescent 

I hr 

Firm opaque jelly 

2 min 

Gelatinous precipitate 

7 da 

Perfectly clear soft jelly 

7 da 

Perfectly clear soft jelly 

10 da 

Perfectly clear soft jelly 

4 da 

Clear firm jelly 

I da 

Firm very cloudy jelly 

3 min 

Gelatinous precipitate 

7 da 

Perfectly clear weak jelly 

4 da 

Perfectly clear firm jelly 

3 da 

Firm slightly opalescent jelly 

I da 

Firm cloudy jelly 

2 min 

Gelatinous precipitate 

3 da 

Perfectly clear weak jelly 

I da 

Firm opalescent jelly 

I hr 

Firm opaque jelly 

3 da 

Perfectly clear weak jelly 

I da 

Perfectly clear finn jelly 

I min 

Gelatinous precipitate 

10 da 

No precipitate 

6 da 

Perfectly clear soft jelly 

3 da 

Perfectly clear firm jelly 

I hr 

Opaque jelly 

4 da 

Perfectly clear weak jelly 

3 da 

Perfectly clear firm jelly 

I da 

Opaque jelly 

5 da 

Perfectly clear soft jelly 

3 da 

Perfectly clear firm jelly 

I da 

Firm slightly opalescent jelly 

I hr 

Opaque jelly 


The above results merely emphasize the importance of neutralizing the 
adsorbed stabilizing hydrogen ion since suitable acids, bases and salts are 
equally effective in the precipitation of a jelly from colloidal solutions. It will 
be noted that if too little electrolyte is added no jelly or an imperfect or soft 
jdly t%sults while, if too much electroljie is used, a gelatinous precipitate is 
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obtained. All stages in the process from the formation of weak clear jellies 
through firm clear jellies and firm opalescent jellies to gelatinous precipitates 
can be realized by suitable variation in the amounts of the several electrolytes. 

Aluminium arsenate jellies. Colloidal aluminium arsenate was prepared 
in the same manner as ferric arsenate and the nature of the precipitate on 
coagulation with electroljrt^es was observed. The procedure was similar to 
that described above. The observations made after four days, as given in 
Table III, confirm the result obtained with collodial ferric arsenate. 

Table III 


Precipitation of Colloidal Aluminium Arsenate by Electrolytes 


Electrolyte added to 

5 c<‘ colloid 

Final volume ee 

Nature of precipitate 

0.05 CC N/io NaC2H302 

5-05 

No precipitate 

o.i cc N/ 10 

5-1 

Firm clear jelly 

0.15CCN/10 ” 

5-^5 

Firm opalescent jelly 

i.occN/ioo 

6.0 , 

Firm clear jelly 

2.occN/ioo ** 

7.0 

Gelatinous precipitate 

1.3 cc N/loo Na 2 S 04 

b-3 

Soft jelly 

T. 4 CCN /]00 ** 

6.4 

Soft jelly 

i.yccN/100 

6.6 

Gelatinous j)recipitate 

0.4 cc N/ioo NH4OH 

5-4 

No precipitate 

o.6ccN/ioo 

5.6 

Soft clear jelly 

i.o cc N/100 H2S()4 

6.0 

No prccif)itate 

2.occN/ioo ” 

7.0 

(/’lear firm jelly 

4.0CCN/IOO 

9.0 

Glear soft jelly 


Manganese arsenate jellies. In the previous section I pointed out that a 
necessary condition for the formation of dilute jellies by precipitation directly 
from solution was delay in the precipitation of a hydrous substance until 
thorough mixing of the interacting solutions was effected. \\"hen solutions of 
a manganese salt are mixed with a solution of dihydrogen arsenate the follow- 
ing reaction takes place. 

H 2 As 04 '=HAs 04 ''+ir 
Mn •+HAs 04^ = MnHAs04 

Since Diesz has shown that the amount of MnHAs04 precipitated and the 
velocity of the precipitation are greater the higher the temperature, it seemed 
desirable to bring about the mixing of the solutions at as low a temperature 
as possible and then warm the mixture to the temperature necessary to get 
adequate precipitation. The method of procedure was as follows: Solutions 
of molar MnCb and J-s molar KH2ASO4 were prepared from freshly boiled 
water. We found that this precaution was necessary in order to prevent the 
formation of air bubbles in the jelly. The solutions were cooled to 0° and 
measured amounts of each were placed in 60 cc test tubes in the ratio shown 
in the table. The solutions were diluted with cold water cither to the final 
volume shown in column 3 of Table IV or to an aliquot part thereof. The 
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water was distributed between the two test tubes so that the volume in each 
was the same. The mouths of the tubes were then connected with a piece of 
lai^ thin rubber tubing used in connection with Gooch filter fuimels. Bapid 
mixing was accomplished by inverting one of the tubes quickly and then 
promptly throwing the entire contents back into the empty tube. The 
mixture was set aside for 1 5-20 minutes, and if jelling had not begun, the tube 
was then warmed by dipping carefully into boiling water until precipitation 
started, after which it was allowed to stand quietly. In the experiments using 
KH2ASO4 it was possible in every case to get complete mixing before precipita- 
tion started and excellent clear jellies were obtained. With the secondary 
and tertiary salts instantaneous formation of a gelatinous precipitate or a 
cloudy heterogenous jelly was produced. The results arc shown in Table IV. 


Table IV 

Precipitation of Manganese Arsenate 


Electrolytes mixed 
cc 

Final 

volume 

Nature of Precipitate. 

MnCls 

KH2ASO4 



10 

10 

20 

Firm jelly almost clear 

10 

20 

30 

Firm jelly almost clear 

10 

20 

50 

Firm jelly perfectly transparent 

10 

20 

100 

Firm jelly perfectly transparent 

10 

20 

200 

Soft jelly perfectly transparent 

10 

20 

NaH2As04 

300 

No jelly 

10 

10 

20 

Cloudy jelly not uniform 

10 

10 

50 

Cloudy gelatinous precipitate 


The manganese arsenate jeUies prepared as above described are unusually 
clear and perfect and are very stable showing little tendency to cloud up and 
crystallize after standing a month; and they undergo little or no contraction 
or syneresis on standing. 

On heating the jelly, crystals of MnHAs04 were formed. Diesz found 
that about half the theoretical amount of salt was precipitated on mixing 
solutions of MnCU and KH2A6O4 in the approximate ratio given in Table III 
and heating the mixture for eight hours on the water bath. The amount 
of MnHAs04 formed imder the conditions of our experiments was doubtless 
much less; but assuming that half the theoretical amount was precipitated, 
it follows that a very firm jelly results with 0.5% and a soft jelly with 
but 0.25% MnHAs04. Good jellies are not obtained by mixing MnCU 
and Na2HAs04 since the precipitation is instantaneous not allowing time 
for the formation of the jelly structure after the mixing. 

Zinc arsenate jellies. Zinc arsenate jellies result on mixing zinc sulphate 
with EHiAs04 or Na2HAs04 under suitable conditions. The jellies formed 
with NaisHA604 were cloudy and not uniform because of too rapid precipita- 
tiom The precipitation was more rapid on adding KHaAs04 to a solution of a 
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zinc salt then to a manganese salt. Good jellies were therefore obtained only 
at fairly high dilutions which slowed down the precipitation and allowed time 
for mixing. It seemed likely that the same result could be accomplished with 
more concentrated solutions by increasing the hydrogen ion concentration 
slightly. This was true as shown by the observations recorded in Table V. 


Table V 

Percipiiation of Zinc Arsenate 


1 

Solutions mixed j 

CC j 

Final 

volume 

CC 

Nature of precipitate 

ZnS04 

K 2 HAS 04 



10 

10 

[ 20 

Gelatinous precipitate formed at 
once enclosing most of the 
water. Cloudy. 

10 

20 

30 

Cloudy gelatinous precipitate 
formed at once enclosing all the 
water. 

10 

10* 

20 

No precipitate until after warm- 
ing. Firm clear jelly 

10 

20 

50 

Gelatinous precipitate formed at 
once but mixture set to a fairly 
clear jelly that was not uniform 
and contained air bubbles. 

10 

20* 

1 SO 

Excellent clear jelly. 

10 

10 

40 

Precipitation delayed slightly. 

Vinn jelly slightly opalescent. 

10 

10 

60 

Perfectly clear transparent jelly. 

10 

20 

Na2HAs04 

100 

No immediate precipitation. Per- 
fectly clear jelly on warming. 

10 

10 

SO 

Immediate precipitation of cloudy 
jelly: not uniform 


*0. 1 CC N H2SO4 added before mixing. 


The results recorded in Table V on the formation of zinc arsenate jellies 
emphasize the importance of preventing precipitation until mixing of the 
solutions is complete. From the observations one would predict that a gelatin- 
ous precipitate but not a jelly would form on mixing a zinc salt of a weak acid 
with KH2ASO4. This was tested with zinc acetate and the conclusion confirm- 
ed. Instantaneous precipitation of a cloudy gelatinous precipitate instead of 
a clear uniform jelly took place even with quite dilute solutions. 

To obtain good zinc arsenate jellies it is necessary to control the condi- 
tions of precipitation more carefully than with manganese arsenate. Moreover 
the jellies are less stable and even the dilute one become cloudy in a few days 
owing to the formation of crystals. 

Cadmium arsenate jellies. Cadmium arsenate tends to precipitate 
rapidly as a gelatinous precipitate which goes over quickly to a crystalline 
mass so that it is impossible to obtain jellies that will remain clear for more 
than a few minutes. If the hydrogen ion concentration is increased in an 
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attempt to slow down the precipitation the solvent action causes the formation 
of a crystalline precipitate. The results of a series of experiments are given 
in Table VI. 


Table VI 

Precipitation of Cadmium Arsenate 


Solutions mixed 
cc 

Final 

volume 

cc 

Nature of precipitate 

CdS 04 

K2HAS04 



lO 

10 

20 

Jelly starts to cloud up quickly 

lO 

10 

40 

Gelatinous precipitate at outset 



setting quickly to semi-trans- 




parent jelly that starts to crys- 
tallize in a short time. 

lO 

TO 

60 

Similar to the proceeding but 




more stable 

lO 

10* 

Na 2 HAs 04 

20 

Crystalline precipitate 

lO 

TO 

SO 

Gelatinous precipitate 


1 ’*‘0.05 CC N H8A804 



The results confirm Klemp and Gyrlay^s observations regarding the 
instability of cadmium arsenate jellies. The tendency of copper arsenate to 
form a granular precipitate is so great that it was not possible to precipitate 
it in the form of a jelly. 

Cohalt arsenate jellies. Cobalt arsenate tends to precipitate in a gelatin- 
ous form and considerable difficulty was encountered in preparing a jelly. 
On mixing CoCb and Na2HAs04 precipitation was quite slow on standing at 
room temperature and a flocculent precipitate always resulted. To obtain a 
jelly the solutions were mixed and the container was dipped in boiling water 
to start precipitation and then allowed to stand quietly for a suitable period. 
Too little or too much heating always results in a flocculent precipitate instead 
of a jelly. The results are given in Table VII. 

Table VII 


Precipitation of Cobalt Arsenate 


Solutions mixed 
cc 

1 

Final 

volume 

cc 

Nature of precipitate 

C0CI2 

10 

KH2ASO4 

10 

20 

Firm cloudy rose-colored jelly 

20 

10 

30 

Firm cloudy rose-colored jeUy 

20 

10 

40 

Firm cloudy rose-colored jelly 

20 

10 

50 

Firm cloudy rose-colored jelly 

10 

Na 8 HAs 04 

10 

50 

Blue gelatinous precipitate 


In every case the cobalt arsenate jellies were opaque but they were 
apparently uniform in structure and were quite stable. 
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Ferrous arsenate jellies. To prepare ferrous arsenate jellies a solution of 
ferrous ammonium sulphate was mixed with KH2ASO4 and the mixture allowed 
to stand quietly over night. The jellies formed slowly and the process could 
not be hastened by warming, since a gelatinous precipitate formed under 
these conditions. The results of a series of experiments are given in Table 
VIII. 


Table VIII 


Precipitation of Ferrous Arsenate 


Solutions mixed 
cc 

Final 

Voliimt' 

CV 

Nature of precipitate 

FeS04(NH4)2S04 

KH2ASO4 



10 

10 

20 

Firm greenish jelly slightly cloudy 

10 

20 

30 

Firm greenish jelly slightly cloudy 

10 

20 

80 

Firm greenish jelly slightly cloudy 


Summary 

The results of this investigation are as follows: 

1. Von Weimarn has shown that any sparingly soluble salt may be 
precipitated in the gelatinous form if the concentration of the reacting sub- 
stances and so the percentage supersaturation is sufficiently great. These are 
however not the conditions under which jellies are usually formed and the 
amount of enclosed liquid is relatively small. The limitations of the von 
Weimarn generalization are discussed in so far as the formation of inorganic 
jellies is concerned and the general conditions are outlined for the formation 
of typical dilute jellies where the amount of enclosed liquid is relatively very 
great. 

2. The jelly structure is made up of a network of minute particles that 
adsorb liquid strongly, hence jellies may be prepared by coagulating a colloidal 
solution of a highly hydrous substance at a suitable rate in the absence of an 
electrolyte that possesses an appreciable solvent action. The effect of salts 
on the formation of jellies is determined in large measure by the precipitating 
and stabilizing action of the ions in so far as these influence the amount and 
velocity of coagulation. A relatively slow rate of precipitation is essential 
such as may be realized in the immediate region of the precipitation concen- 
tration of an electrolyte. A little below this value no precipitation or only a 
slight precipitation takes place while above this value coagulation is usually so 
rapid that a gelatinous precipitate is formed instead of a jelly. The reason is 
that time is not allowed for uniform mixing of the colloid with coagulant and 
the slow uniform precipitation that is necessary for the building of a uniform 
jelly structure is replaced by rapid uneven coagulation and the consequent 
contraction that distinguishes a gelatinous precipitate from a jelly. 

3. The formation of jellies by dialysis of a colloidal solution of a hydrous 
substance is a special case of coagulation of a colloid by decreasing the adsorp- 
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tion of the stabilizing ion below a critical value as a result of reducing its 
concentration in solution. The same result is accomplished by adding the 
right amount of electrolyte with a suitable precipitating ion the adsorption of 
which neutralizes the adsorption of the stabilizing ion. 

4. Colloidal ferric arsenate and aluminum arsenate were prepared which 
owe their stability to adsorbed hydrogen ion. Jellies result by reducing the 
concentration of the stabilizing ions by prolonged dialysis. Similar results 
were obtained by coagulating the colloids with various electrolytes having 
strongly adsorbed cations, such as citric, sulphuric, phosphoric and oxalic 
acid and anunonium hydroxide, sodium sulphate and sodium acetate. Since 
jellies are formed by coagulation of the colloid by acids it is evident that the 
important thing is the neutralization of the adsorbed hydrogen ion and not 
the actual hydrogen ion concentration in the solution. 

5. Jellies may be formed by mixing quite dilute solutions that react to 
form a hydrous precipitate providing the precipitation can be delayed until 
the interacting solutions are thoroughly mixed and then can be made to pro- 
ceed at a suitable rate. Immediate precipitation always results in the forma- 
tion of a gelatinous or flocculent precipitate instead of a jelly. 

6. The conditions stipulated in (5) were realized with the arsenates of 
Mn, Co, Fe” Cd, and Zn by mixing solutions of their salts of strong acids with 
KH1ASO4 in the cold and allowing them to stand at room temperature or 
warming to a suitable temperature. The mechanism of the process is outlined 
and the importance of the temperature and the hydrogen ion concentration 
on the rate of precipitation and hence on the nature of the precipitate, is 
discussed. 

Department of Chemistry 

The Rice Institute 

HousUm, Texas. 



STUDIES ON THE FORMATION OF PERIODIC PRECIPITATES.il 


BY N. R. DHAR AND A. C. CHATTERJl 

In the first paper of this series' the following facts have been brought out: 

Gelatine previously mixed with dichromate has a better peptising effect 
upon silver chromate than when it is previously mixed with silver nitrate. It 
is very likely that this has some bearing on the common practice of adding 
silver nitrate solution over that of gelatine and dichromate. We have also 
studied the peculiar behaviour of the products obtained by mixing together a 
metallic salt (capable of giving an insoluble hydroxide), ammonia or alkali 
hydroxide and glycerine or a concentrated solution of sugar. We get or do not 
get the precipitate of the hydroxide, according as we add the salt solution to a 
mixture of glycerine and alkali or the hydroxide to the mixture of glycerine 
and the solution of the salt. We have proved that these are real cases of 
peptisation. We hav’'o also observed that insoluble metallic hydroxides like 
those of iron or cobalt can be peptised not only in presence of glycerine or a 
concentrated sugar solution, but also in solution of gelatine, agar, gum arabic 
and even starch. It was also observed that the power of peptisation possessed 
by a certain amount of any of these substances depends a good deal upon the 
concentrations of the reacting solutions. Thus glycerine may not be able to 
peptise ferric hydroxide if a very concentrated solution of ferric chloride be 
used. It was also observed in that paper that the periodic precipitation pro- 
duced when an electrolyte reacts upon another already dissolved in gelatine 
or agar seems to have a close connectioni n its action with the peptisation 
phenomenon noted above. 

In this paper the effects of change of concentration of the reacting sub- 
stances and of the gel have been investigated. Moreover the action of diffused 
daylight on the formation of Licsegang rings has been studied. Experiments 
have been conducted in diffused light of the laboratory and in the dark under 
identical conditions. A general explanation of the formation of periodic 
precipitate has also been advanced. 

Numerous experiments were made with silicic acid gel containing sodium 
chloride as one of the reacting substances. Gels of three concentrations con- 
taining equivalent amounts of sodium chloride were used, the concentrations 
of silicic acid and of sodium chloride were widely varied in these three sets of 
experiments. In every case N/i silver nitrate, N/2 silver nitrate and N/4 
silver nitrate were allowed to diffuse in test tubes containing the gel and sod- 
ium chloride and experiments were conducted in light and in the dark. In the 
other series of experiments with the throe different concentrations of the gel 
30%> 20%, 10%, 5%, 2|%, and ij%, solutions lead nitrate was allowed to 
diffuse in test tubes containing silicic acid and sodium chloride. 

^ N. G. Chatterji and N. R. Dhar: Kolloid-Z, 31 , 13 (1922) 
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The following is the summary of results obtained with lead nitrate as the 
diffusing liquid; — 

In all tubes the rings of lead chloride are very fine and close together at 
the top and as we go down the tube the rings get separated and the distance 
between two consecutive rings goes on increasing, at the same time the rings 
become more and more prominent and thicker and thicker. At the beginning 
the concentration of lead nitrate is high and consequently more lead chromate 
is formed and hence the solution of lead chromate has a much greater possibil- 
ity of coagulation. Later on the concentration of the diffusing substance 
gradually falls off and hence the limiting concentration of the sol of lead chro- 
mate at which coagulation takes place is obtained after a sufficient interval. 
That is why the distance between the rings gets greater and greater as one 
goes down the tube. 

2. By keeping the concentration of lead nitrate constant and decreasing 
the concentration of the gel and of sodium chloride to half and one fourth, the 
rings decrease in prominence by becoming finer and finer, i.e. with the decrease 
in the concentrations of the gel and of sodium chloride the actual amount of 
precipitate in a single ring at an equal distance from the precipitate decreases. 
The rings seem to become more and regular. The explanation is that the 
amount of lead chloride formed is less because the concentration of sodium 
chloride is also decreased. 

3. By keeping the concentration of sodium chloride and of the gel con- 
stant and varying the concentration of lead nitrate solution, the following 
results are obtained: — 

(a) The rings are clearly visible in all tubes; the width of the rings at 
an equal distance from the interface increases with the decrease in strength 
of the lead nitrate solution. This and the following facts can be explained on 
the basis of diffusion of lead nitrate and the falling off in the concentration of 
the salt as we go down the tube. 

(b) The distance between two consecutive rings at an equal distance 
from the interface increases as the strength of lead nitrate is decreased i.e. the 
rings are less closely packed as the strength of lead nitrate is decreased. 

4. By keeping the concentration of lead nitrate constant and varying 
the concentration of gel to half and to one fourth, the distance between two 
consecutive rings at the same distance from the interface decreases i.e. the 
rings are closely packed as the strength of the gel is decreased. This is due to 
the change in the concentration od the peptising agent. The less the concen- 
tration of the gel the greater is the possibility of coagulation. 

5. The tubes are not affected by diffused light. 

6. In some tubes alternate thick and thin rings are seen. By decreasing 
the concentration of the gel, tubes containing stronger lead nitrate solution 
contain thick and thin rings, while with sufficiently strong gel this is not 
observed. 
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The following results arc obtained with silver nitrate as the diffusing 
liquid: — 

1. By keeping the concentration of silver nitrate constant and varying 
the amount of silicic acid by half and one fourth, the length of continuous 
precipitate of silver chloride is increased. By decreasing the concentration of 
silicic acid the chances of coagulation are increased, that is why the length of 
the uniform precipitate is increased. 

2. By keeping the concentration of the gel constant and varying the 
amount of silver nitrate by half and one fourth, the lengt^h of continuous 
precipitate is decreased. This can be satisfactorily explained on the basis of 
the falling off of the concentration of silver nitrate by diffusion. 

3. By keeping the strength of silver nitrate constant and by decreasing 
the strength of the gel to half and one fouii^h, the number of the bands increases 
as well as they become more and more clear. The width of a single band at 
equal distance from the interface increases with the decrease in the stnmgth of 
the gel. The explanation can be given on the basis that the less the concen- 
tration of the gel the greater the chance of coagulation of the sol. 

4. By keeping the strength of the gel constant and decreasing the strength 
of silver nitrate to half and one fourth the number of the bands is also decreased 
as well as they become more and mon^ faint. The width of a single band at 
equal distance from the interface decreases with the decrease in the strength 
of the silver nitrate solution. This is because of the fact that the greater the 
concentration of the gel the less the chance of coagulation of the sol. 

5. In cases where the test tubes were exposed to diffused light, bands 
were developed with rapidity and were clearly visible while no rings were 
visible in majority of tubes kept in the dark, though the length of the diffused 
precipitate was the same. Silver salts are highly affected by light. It has 
already been said that light is a very good coagulating agent, that is why test 
tubes exposed to light develop bands with rapidity whilst a tube kept in the 
dark shows no bands. The bands are due to coagulated silver chloride.^ 

From our experiments we find that- diffused light affects only the tubes 
containing silver chloride and silver iodide, whilst the rings of lead chloride 
and lead iodide in silicic acid are entirely unaffected by diffused light. These 
results are in harmony with those obtained recently b}^ Licisegang^ but are not 
in agreement with those obtained by Hatschek.® 

It appears that almost all sparingly soluble substances arc capable of 
forming Licsegang rings in a suitable gel. 

With agar as the gel, experiments were performed in the dark and in the 
diffused light with the object of obtaining rings of lead iodide, mercuric iodide 
and silver iodide. With lead iodide there is absolutely no difference in the 
nature of the rings obtained in light and in ihe dark. Rings of mercuric iodide 

* Compare Ganguly and Dhar: Kolloid-Z. 31 , 1 7 (1922) 

* KoUoid-Z. 32 , 263 (1923) 

* Proc. Roy. Soc. 99, 496 (1921) 



44 


N. R. DHAR AND A.-C. CHATTERJI 


in agar were obtained by the interaction of mercuric nitrate and potassium 
iodide as well as by the interaction of mercuric chloride and potassium iodide. 
At first with mercuric iodide the rings are clearly formed when the concentra- 
tions of mercuric nitrate and potassium iodide are low. After the lapse of a 
few days the rings become quite prominent. When dilute solutions of mercuric 
chloride are allowed to react on potassium iodide, bands of mercuric iodide are 
formed which are alternately red and yellow. Those tubes which are exposed 
to diffused light show more rings than those in the dark. Silver iodide gave 
rings only in diffused light; no rings were visible in the dark. 

A quantitative explanation of the formation of periodic precipitates is 
yet to come. The earliest one due to Ostwald assumes supersaturation follow- 
ed by precipitation, and consequently clearing of the immediate neighbour- 
hood of the precipitate from the reactants, so that the diffusing ion has to 
travel some distance before precipitation again occurs. Hatschek holds that 
this theory is disapproved by the fact that periodic precipitation still takes 
place in the presence of crystalline rauclei of the precipitate or of a previous 
stratification which should have rendered supersaturation impossible. It is 
well known that release of supersaturation takes place very readily or rather 
instantaneously when crystalline nuclei are added to a supersaturation solu- 
tion. Innumerable centres of crystallisation are created and in a very short 
time the solution is freed from the extra amount of the dissolved substance. 

It is practically certain that in presence of gelatine or agar or any other 
protecting colloid substances like silver chromate, lead chromate, lead iodide, 
etc., which form Liesegang rings are in the peptised condition. In other words 
silver chromate or lead iodide, etc., remain in a colloidal state.^ From our 
experiences on colloidal matter we know that if some finely solid substance is 
present in a colloidal medium, sometimes the colloidal matter coagulates; 
but this process is extremely slow in comparison with the phenomenon of the 
release of supersaturation from a supersaturated solution. We have not been 
able to coagulate silver chromate sol protected by a large amount of gelatine 
by keeping it in contact with solid silver chromate even for several days. On 
the other hand it has been observed that a sol of antimony sulphide containing 
a little tartrate gradually coagulates on the moulds formed after a few days 
due to the presence of the tartrate. From the above considerations it becomes 
diflScult to accept the explanation of Ostwald, but there is some truth in the 
explanation because it is certain that a nucleus always favours precipitation. 
The suggestion of the late Lord Rayleigh^ is also beset with the same difficul- 
ties as the explanation of Ostwald. In this connection it would be of interest 
to note that Barger and Field* found that a supersaturated solution of sapona- 
rin was colloidal, and this substance did not crystallise on addition of crystals 
of saponarin. 

^ Compare Williams and MacKenssie: J. Chem. Soe., 117 , 844 (1920) 

» Phil Mag., 37 , 738 (1919) 

» J. Chem. Soc., 101, 1397 (1912) 
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The most important alternative theory of periodic precipitation was 
advanced by Bradford.^ According to him one of the reacting solutes is 
adsorbed by the layer of precipitate, the result being a zone practically free 
from it so that the clear space between the strata is at once accounted for. 
There are several difficulties of this theory, which seems very interesting. In 
a foregoing paper^ it has been proved that freshly precipitated manganese 
dioxide is a very good adsorbent of electrolytes. Manganese dioxide adsorbs 
mainly the positive portion of the salt. It has been observed that when freshly 
precipitated and washed and air dried hydrated manganese dioxide is used as 
an adsorbent the amount of electrolyte adsorbed is only a few per cent of the 
total amount of the electrolyte taken. It has also been observed in another 
paper® that manganese dioxide in the course of its formation is certainly a 
better adsorbent than the air dried specimen . Even then from our experiments 
we have repeatedly seen that manganese dioxide in the course of its formation 
adsorbs only a portion of the total amount of the electrolyte taken from sub- 
stances like AgNOs, CdCIa, CdS04, MgS04, MgC'l2, etc. We have also observed 
that substances like barium sulfdiate hardly adsorb electrolytes like CuCb, 
CUSO4, etc. Similarly freshly precipitated Fe(()H)3 has been found to adsorb 
only a fraction of caustic potash or caustic soda even from a dilute solution. 
We have also observed that freshly precipitated Ag2Cr04hardly adsorbs any 
potassium chromate even from a dilute soultion. In view of these facts it is 
very difficult to accept the beautiful explanation suggested by Bradford of 
periodic precipitation. To prove the validity of this theory we must show 
that substances like PbCr04, Pbl2, Ag2Cr04 etc., can adsorb considerably 
electrolytes like potassium chromaie, potassium iodide, etc., which is not 
corroborated by dirc'ct (experiments on adsorption. 

It is a great pity that the explanation of Ostwald or of Bradford leaves the 
gel which is (certainly an important factor in periodic precipitation out of 
account altogether. Consequently the sugg(‘stioiis advanced so far to explain 
periodic precipitation seems to be unsatisfactory. 

We have repeatedly observed that fr(}shl.y precipitated BaS04 can adsorb 
various colloidal substances and the colloidal matter gets coagulated and 
settles down along with the barium sulphate. Thus sols of antimony sulphide, 
ferric hydroxide, cadmium sulphide silver iodide, silver bromide, etc. can be 
more or less readily coagulated by freshly pptd barium sulphate. Similarly 
ferric hydroxide has been found to precipitate several colloids, lik(j ferric 
hydroxide sol barium chromate sol etc. Similarly solid lead chromate can 
readily coagulate a colloidal sol of lead chromate. Moreover it has been 
observed that freshly precipitated lead iodide and lead chloride can appreci- 
ably adsorb and coagulate the sols of lead iodides and lead chloride. Freshly 
precipitated sulphides of silver mercury and lead have been found to adsorb 
and coagulate the sols of the respective^substances. 

‘ Biochem, J. 10, 169 (1916); 11, 14 , 157, (19*7) 

* N. G. Chatterji and N. R. Dhar: Kolloid-Z. 33 , 18 (1923) 

* Ganguly and Dhar: J. Phys. Chem. 26 , 836 (1922) 
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If a little gelatine is added to the sols they become more stable and their 
coagulation becomes more difficult by the freshly pptd substances, just as 
coagulation of sols by electrolytes can be hindered by the addition of protective 
colloidal like gelatin, gum arabic, etc. In a similarly way the foregoing sols 
can be made more stable by the addition of protective colloids like gelatin, 
gum arabic, etc., against their precipitation by freshly precipitated substances 
like barium sulphate, lead chromate, lead iodide and lead chloride, etc. 

The protecting substance surrounds the sol completely and forms an 
envelope round a particle of the sol in question and thus stops the intimate 
contact of the sol particles with the precipitating substance such as an electro- 
lyte or barium sulphate. In our opinion this is the best explanation for the 
protecting action of substances like gelatin and gum arabic, etc., on sols in 
general. 

From some preliminary experiments we find that a sol of antimony 
sulphide cannot be precipitated by freshly precipitated antimony sulphide 
though freshly precipitated barium sulphate can readily coagulate a sol of 
antimony sulphide. Similarly we could not coagulate a sol of silver chromate 
by freshly precipitated silver chromate but in majority of cases we have found 
that sols can be more or less completely coagulated by the respective solids in a 
freshly precipitated condition. 

Basing on these observations we suggest the following explanation of the 
formation of Liesegang rings: — 

Let us take the case of lead nitrate which is allowed to diffuse in a mixture 
of potassium chromate and agar. Wlien lead nitrate comes in contact with 
potassium chromate in presence of agar, lead chromate and potassium nitrate 
are formed, the agar exerts a peptising influence on the lead chromate and at 
the beginning the substance remains in a more or less colloidal condition. On 
the other hand, the potassium nitrate is exerting a coagulating influence on 
lead chromate all the time. Now at the beginning the concentration of lead 
nitrate being high, the lead chromate formed is much in excess to that which 
the agar can hold in suspension and the lead chromate coagulates and this 
process is certainly facilitated by the other product of reaction, which is 
potassium nitrate in this cavse. The potassium nitrate is certainly partially 
adsorbed by the pptd lead chromate. The lead nitrate is continually diffusing 
and is passing through the precipitated layer of lead chromate by which a 
small quantity of lead nitrate is being adsorbed. The diffusing lead nitrate 
is coniing in contact with lower layers of potassium chromate and is at first 
forming colloidal lead chromate in presence of the protective agent, agar. 
This colloidal lead chromate is gradually coagulated by the solid lead chromate 
already formed and settles on the solid ; in this way a layer next to the solid 
becomes free from lead chromate sol. The diffusing lead nitrate passes 
through this layer which is practically free from chromate and comes in con- 
tact with another layer of potassium chromate and at first it forms a layer of 
colloidal lead chromate but gradually the concentration of lead chromate 
increases and the colloidal matter gets coagulated; this process is facilitated 
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by the presence of potassium nitrate. This explanation seems satisfactory in 
cases where the colloidal matter has been found to be coagulated by the 
presence of the solid. We have observed that solid lead chromate can adsorb 
and coagidate colloidal lead chromate. In those cases in which coagulation 
of sol cannot take place in presence of the solid matter, the explanation 
becomes more complicated. In these cases it seems likely that the second 
product of the reaction e.g. potassium nitrate formed by the interaction say 
of mercuric nitrate and potassium iodide, plays a dominant part in the process 
of coagulation. From the experiments of Linder and Picton and others we 
know that substances like antimony sulphide, are readily coagulated by elec- 
trolytes and appreciable quantities of the electrolyte are adsorbed by the 
precipitate. It is quite likely that mercuric iodide which exists in the beginning 
in a more or less colloidal condition gets precipitated due to the presence of the 
electrolyte, say potassium nitrate, and a part of the potassium nitrate is 
adsorbed by the pn^cipitate. Consequently the layer next to this precipitate 
contains much loss of the pn^cijiitating agent and hence a layer of mercuric 
iodide can exist in the peptised condition without coagulation taking place. 
The diffusing mercuric nitrate might pass through this layer and will react 
with a fresh laj'^er of potassium iodide. The nuTcuric iodide thus formed will 
gradually coagulate under the influence of potassium nitrate and by its con- 
centration becoming too large to remain in the peptised condition. This case 
is fundamentally different from the previous one already discussed. In this 
case we g(^t a layer of coagulated mercuric iodide followed by a layer of colloid- 
al mercuric iodide and soon, whilst in the former case we ought to get a layer 
of pptd. lead chromate followed by a zone* practically free from lead chromate 
and so on. These conclusions are extremely interesting in light of the following 
observations by Hatschek^ Only in a few n‘actions, of which the original 
silver chromate one is the best example, are the clear spaces between the rings 
practically free from the insoluble compounds. In most cases the rings con- 
tain a large number of small and the clear space a small number of large 
crystals or crystalline aggregate. A striking microscopic illustration is afford- 
ed by cadmium sulphide in silicic acid gel, which exhibits no clear spaces at all 
but a continuous succession of alternately yellow and pink bands.^^ In view 
of the suggestion advanced in this paper it is likely that solid cadmium sul- 
phide cannot coagulate a sol of the same substance and the coagulation is 
effected by the electrolyte which is a product of the reaction. One of the bands 
is really due to coagulated cadmium sulphide and the precipitate in the process 
of coagulation has adsorbed a portion of the precipitating electrolyte making 
the next layer partially free from the coagulating agent, hence the next layer 
is likely to consist of cadmium sulphide in the colloidal state having a diffiTcnt 
colour. 

Consequently the views advanced in this paper can satisfactorily explain 
two distinct classes of Licsegang rings. In one class a layer of precipitate is 
followed by a zone practically free from the sparingly soluble substance and 

^ British Association Reports on Colloids, p. 23, (1919)- 
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in such cases it is likely that the precipitate is capable of coagulating its own 
sol. The other class of rings consists of alternate layers of rings of different 
colours containing practically the same amount of insoluble substance in two 
successive layers. In this case the rings consist of a layer of coagulated sol 
followed by a layer of the peptised sol. 

It will be extremely interesting to find out whether those substances in the 
solid state which can coagulate their own sols can only give rings of the first 
type, whilst incapable of coagulating their respective sols could give rings of 
the second class. 

We are of the opinion that all sparingly soluble substances under con- 
venient conditions and in suitable gels would be capable of forming Liesegang 
rings. Almost all sparingly soluble substances can be peptised by suitable 
concentrations of protecting substances like gelatine, agar, starch, etc. These 
peptised substances would be adsorbed and coagulated by their respective 
solids or they would be coagulated by electrolytes which are products of the 
chemical changes involved. Hence there is the possibility of the formation of 
Liesegang rings with almost all sparingly soluble substances under suitable 
conditions. Experiments on these questions are in progress in these laborator- 
ies. We have seen that with agar as gel and if a dilute solution of mercuric 
chloride is allowed to diffuse in a solution of potassium iodide bands of mercur- 
ic iodide are formed which are alternately red and yellow. It is very likely 
that the red bands are due to coagulated mercuric iodide, while the yellow 
bands are really peptised mercuric iodide. Direct experiments support the 
above conclusions. A tube containing yellow and red layers of mercuric 
iodide in gelatine was cut near the yellow layer, which was treated with hot 
water and a clear solution was obtained. The clear solution immediately gave 
a black precipitate when HaS was added to it. 

The yellow layer was very soft to the touch and looked like an amorphous 
substance, whilst in the red layers beautiful needle-shaped crystals were 
visible to the naked eye. The red layers were gritty to the touch because of the 
presence of crystalline mercuric iodide in these layers. Mercuric iodide can be 
readily peptised by gelatine and the peptised mercuric iodide has a yellow 
colour. 

It has been found in several cases that in presence of diffused light, more 
numerous bands are found than in the dark. The explanation is pretty simple. 
In a foregoing paper^ we have proved that light is a very good coagulating 
agent, hence in diffused light there would be more of coagulation of substances 
like mercuric iodide, lead iodide, etc., from the peptised condition than in the 
dark, consequently, in general more numerous rings are formed in diffused 
light than in the dark. 

It is interesting to observe that in the case of silver chromate in gelatine 
and in several other cases, rings are formed in a liquid medium. Moreover in 
several cases rings were formed on the sides of the test tube above the surface of 
the liquid, strata appearing for several millimeters on the glass walls of the tube • 

^ Ganguly and Dhar: Kolloid-Z. 31 , 17 (1920) 
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Williams and Mackenzie (loc. cit) have studied the conditions of the 
precipitation of silver chromate in gelatine. They allowed to diffuse solutions 
of silver nitrate or potassium chromate in gels already containing silver 
chromate and in all cases they obtained stratification and they have drawn the 
following conclusions from these experiments: — “This means that in some 
manner or other the gel beneath a stratum of precipitate was cleared of the 
silver chromate. Whatever the cause, diffusion must have occurred to clear 
so perceptible a space. In other words, the silver chromate did not function 
as a colloid with a slow rate of diffusion.’* The above conclusions seem to be 
Unsatisfactory as in presence of gelatine the silver chromate must be in the 
peptised condition. PVom the explanation advanced in this paper these 
results of Williams and Mackenzie would be clear. The precipitate of silver 
chromate at the interface will adsorb and coagulate the silver chromate sol 
next to it hence there would be a clear space free from silver chromate next to 
the precipitate. The diffusing silver ion or chromate ion from the top will pass 
through this layer which is free from silver chromate and will come in contact 
with silver chromate already existing in the next layer and when the concen- 
tration of silver chromate exceeds the maximum limit which can remain in the 
peptised condition, silver chromate will coagulate. This explanation seems to 
be quite satisfactory and on this view it is not necessary to imagine that silver 
chromate does not function as a colloid. Williams and Mackenzie have found 
that 860 grams of gelatin can keep a gram equivalent weight of silver chro- 
mate in the peptised condition. Yet they conclude that the precipitation of 
silver chromate occurs according to the* usual rules of the solubility product 
and that the gel incidentally provides mechanical support for the precipitate. 
These conclusions seem to be untenable. We know that substances like silver 
chloride, silver chromate, etc., dis.solve in ammonia, potassium cyanide, etc., 
due to the formation of comph^x salts which can give out in solution very few 
silver ions. 

In general a sparingly soluble substance dissolves and remains in solution 
when there is the possibility of the formation of a complex substance. We 
have proved experimentally in a foregoing paper^ that substances like ferric 
hydroxide, cobalt hydroxide, etc., readily pass into the peptised condition in 
presence of gyeerine, concentrated sugar solution, starch, gelatin, agar and 
other protective colloids. Hence it is difficult to understand why a sparingly 
soluble substance like silver chromate will remain in a dissolved state in water 
containing gelatin. Real solution would have been possible if a complex salt 
could be obtained from silver chromate and gelatin but it is well known that 
no complex formation takes place in such cases. Consequently we are forced 
to the conclusion that silver chromate remains in the peptised or colloidal 
state in gelatin and the rate of diffusion of the substance in the peptised state 
must be very small. 


^ Chatterji and Dhar: Trans, Faraday Soc. 16 , 122 (1921) 
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The general theory advanced in this paper on the formation of two 
distinct classes of Liesegang rings seems to be applicable to all oases and marks 
an advance in the explanation of this phenomenon. 

Summary and Conclusion 

1. Gelatine previously mixed with dichromate has a better peptising 
effect upon silver chromate than when it is previously mixed with silver nitrate 

2. In the formation of lead chloride rings in silicic acid gel by the inter- 
action of lead nitrate and sodium chloride the rings are closely packed as the 
concentration of the gel is decreased. When other things are constant the 
rings are less closely packed as the strength of lead nitrate is decreased. 

3. In the formation of silver chloride rings in silicic acid, similar results 
are obtained. Rings of silver chloride and silver iodide are affected by diffused 
daylight, whilst those of lead chloride and lead iodide are unaffected by light. 

4. Tubes containing mercuric iodide rings when exposed to diffused 
daylight show more rings in light than in dark. 

5. The theories explaining the formation of Liesegang rings developed 
by Ostwald and Bradford are found to be unsatisfactory. 

6. We have found that in several cases, sols can be more or less complete- 
ly adsorbed and coagulated by respective solids in a freshly precipitated con- 
dition. Basing on the above observations a theory of the formation of Liese- 
gang rings in which a layer of coagulated matter is followed by a space free 
from the substance, has been advanced. 

7. Mercuric iodide rings in gelatine, agar, etc., consist of a layer of 
coagulated and crystalline mercuric iodide which is red followed by a layer of 
colloidal mercuric iodide which is yellow. An explanation of the formation of 
the rings consisting of a layer of coagulated and crystalline matter followed 
by a layer of the peptised substance has been advanced, in which the adsorp- 
tion of the second product of the chemical change is the dominant factor. It 
has been emphasised that there is the possibility of the occurrence of two 
distinct classes of Liesegang rings. In one class a layer of precipitate is follow- 
ed by a zone practically free from the substance, whilst in the other case, the 
rings consist of a layer of coagulated sol, which in course of time miglit become 
crystalline, followed by a layer of the peptised sol. 

8. We are of the opinion that all sparingly soluble substances under 
convenient conditions and in suitable gels would be capable of forming Liese- 
gang rings. 

Chemical Lc^MmUory 

Univeraity of AUahabad 

AUahabad 
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THE INFLUENCE OF GUM ARABIC ON THE HYDROLYSIS OF 

METHYL ACETATE 

J. N. PEARCE AND J. V. O’LEAEY 

The influence of temperature, of hydrogen ions, and of catalysts in general 
upon the velocity of hydrolytic processes is well known. Numerous theories 
have been put forth to explain the mechanism of catalytic reactions. The 
one of chief moment in so far as the present paper is concerned is the radiation 
hypothesis. 

Arrhenius* assumed an equilibrium between active and inactive molecules 
of the substance catalyzed. A rise in temperature or the addition of a catalyst 
merely shifts this equilibrium in such a way as to increase the concentration 
of the active form. He expressed the relation between the change in the 
velocity coefficient of the reaction and the temperature by means of the 
expression : 

dlogK ^ JE 
dT RT»’ 

where E is the energy required to transform one mol of the substance from the 
inactive to the active state. Using thermodynamics and the theory of prob- 
ability Marcelin* has deduced a relation for the effect of temperature which is 
identical with that of Arrhenius. He treats of the effect of temperature as a 
purely physical one and assumes that an inactive molecule becomes active 
when its internal energy is made to exceed a definite critical value. Lewis 
and Lamble* suggest that the E of Marcelin and of Arrhenius be called the 
“critical increment,” since E represents the amount of energy which must be 
absorbed above the average value possessed by all of the molecules before 
the molecules become reactive. The source of this energy increment is to be 
found in the infra-red radiations of the system. Briefly stated the radiation 
theory is this. A substance becomes a catalyst when it can absorb infra-red 
radiations and then emit the energy in such waves or quanta as can be absorbed 
by the reactant, thus raising the internal energy of a number of molecules to 
the critical value. Nine papers contributed by Lewis and his co-workers* give 
experimental evidence which support this view. Tyndall® has found that gum 
arable absorbs infra-red radiations. If it emits infrarred radiations which can 
be absorbed by methyl acetate, then gum arabic should, according to this 
theory, prove a powerful catalyst for methyl acetate. 

* Arrhenius; Z. phys. Chem., 4 , 22 (1889); 28 , 317 (1899). 

* Marcelin: Compt. rend., 158 , 161 (1914). 

' Lewis and Lamble: J. Chem. Soc., 105 , 2330 (1914). 

‘ J. Chem. Soc., 105 , 2330 (1914); 107 , 233 (1915); 109. 55. O7 (1916): m. 389. 457. 
1086 (1917); 113 , 471 (1918). 

* Tyndall: “Fragments of Science”, “Radiant Heat and its Relations”. 
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The original object of this research was to determine whether or not gum 
arabic will catalyze the hydrolysis of methyl acetate as the radiation theory 
predicts. It became evident very early in the work, however, that gum arabic 
is not a catalyst for this reaction. We proceeded therefore to study the influ- 
ence of the gum upon the velocity of hydrolysis of methyl acetate when 
catalyzed by hydrochloric acid.^ 

The methyl acetate used was an exceptionally pure sample furnished by 
the Eastman Kodak Co. It was twice fractionally distilled and only the 
constant boiling middle portion was retained. The gum arabic was carefully 
selected from a large sample of practically pure white ^'tear gum^'. It was 
first finely ground in an agate mortar and then dried to approximately con- 
stant weight at i io°. An approximately 0.02 N solution of barium hydroxide 
was used in titrating the free acid. It was repeatedly checked against benzoic 
acid made from toluene. The acid was first resublimed and then kept for a 
short time slightly above the melting point to insure the removal of volatile 
impurities; it was then cast in sticks and carefully preserved. Phenolph- 
thalein was the indicator used throughout the work. 

All of the solutions and the reaction mixtures were prepared from freshly 
made conductivity water. All flasks, pipettes and burettes were previously 
certified by the Bureau of Standards. The temperature of the large water 
bath was accurately controlled to 2 5®=to .03. 

In making up the reaction mixtures the gum was first added to the pure 
water and shaken until completely dissolved. SuflScient acid and water 
were then added to bring the solution to volume at the acid concentration 
desired, and the whole thoroughly shaken. These mother solutions and the 
pure ester were kept at 25° in the water bath. 50 c.c. portions of these solu- 
tions were transferred to tightly stoppered glass bottles, 2 c.c. of the ester was 
quickly added and the mixture vigorously shaken. The time of adding the 
ester was accurately noted. At stated intervals exactly 5 c.c. portions of the 
reaction mixture were transferred to 50 c.c. of ice-cold conductivity water 
and quickly titrated. 

The values for the equilibrium constant were calculated by means of the 
equation : 


K = 


2 303 


TccjiT 

T.-T 


where To, Tn and T^ represent the number of c.c. of barium hydroxide solu- 
tion necessary to neutralize 5 c.c. of the reaction mixture at times to, tn and 
t^, respectively. In order to obtain the exact titration value, To, we plotted 
the values of log(T^- Tn) as ordinates against the values of t as abscissae. 
The value of log (T^- To) was then found by extrapolation. 

Repeated series of experiments extending over many days were first 
made in which besides water and ester there were present o . 25, o . 5, i .0 and 


^ Owing to the fact that the junior author is leaving the University for a time the 
preset paper is submitted as a preliminary report. 
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2.0 grams of gum arabic. These were compared from time to time with 
blank experiments run simultaneously and involving only water and ester. 
In no case did we find an appreciable increase in the velocity of hydrolysis. 

Since the gum is not of itself a catalyst we next undertook to determine 
what influence, if any, the gum might exert upon the velocity of hydrolysis 
when the reaction is catalyzed by hydrochloric acid. The experimental 
method has already been described. Although the solutions containing one 
and two grams of gum arabic per 50 c.c. are quite viscous the constants are 
easily reproducible. The values for the velocity coefficients are collected in 
Table I. Each value is the mean of the values obtained for at least two differ- 


Table I 

Influence of Gum Arabic upon the Velocity Coefficients of the Hydrolysis of 

Methyl Acetate 


c. 

Acid 

Gum. 

grams. 

Kxio^ 

pH 

0 020548 

0.00 

22.25 

I 50 


0 50 

13-52 

1 .80 


I .00 

12 39 

2 .06 


2 .00 

10 94 

2 .67 

0 041096 

0 00 

31.60 

1-30 


0.25 

28.96 

1. 41 


0.50 

25 50 

1 .48 


I .00 

23 37 

1.56 


2 .00 

16 17 

1.83 

0.082190 

0.00 

55-91 

115 


0 25 

52.21 

1. 17 


0 50 

51 75 

1. 19 


I .00 

44.80 

1 .21 


2 .00 

36.67 

1-25 

ent experiments. For the sake of comparison the velocity coefficients for 

solutions containing C mols of acid per liter and 0.0, 0.25, 0.50, 

1 . 0 and 2 . 0 

grams of gum arabic in 50 c.c. of the acid are given in Table II. 

Table II 

A Comparison of the Velocity Coefficients 


Gum (gr.) 

C (acid) 

0.00 0.25 

0 . i;o I 00 

KXio‘ 

2 ,00 

0.020548 

22.25 • • • 

13-52 12.39 

10.94 

0.041096 

31.60 28 . 96 

26.01 23.37 

16.12 

0.082193 

SS -79 52-81 

51.87 46.17 

36.89 


A survey of these tables shows at once that gum arabic is not only not 
a catalyst for methyl acetate, but that by its presence the gum actually de- 
creases the reaction velocity when catalyzed by hydrochloric acid. Further- 
more, the velocity coefficients decrease as the concentration of the gum is 
increased, being more rapid in the dilute acid mixtures. 
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Speculation as to the influence of the gum upon the reaction vdocity 
would obviously lead to two possible views. First, owing to its hydr(q}hile 
native the gum will adsorb water from the 83rstem and thus increase' the con* 
centration of both the ester and the acid. In turn there should be an increase 
in the velocity coefficients with an increase in the concentration of the gum. 
The results obtained are directly opposed to this view. Second, the gum will 
adsorb either the ester or the acid and thus decrease the activity of the molecu- 
lar species adsorbed. The result in this case will lead to a decrease in the 
reaction velocity and such is actually the case. 

While the time available was not sufficient to carry out an elaborate 
series of experiments on the influence of gum arabic upon the activity of the 
hydrogen ion, we thought it worth while to determine the pH values for the 
solutions used. These will give us qualitatively at least an idea of the influence 
of the gum upon the concentration of the hydrogen ion. Accordingly, solu- 
tions were prepared containing the identical proportions of acid and gum as 
used in the hydroljrsis experiments. The pH values at 25® were determined 
precisely according to the method of Clark*. The values obtained are given 
in the fourth colunm of Table I. It will be observed that the pH values for 
each acid concentration increase as the concentration of the gum is increased, 
indicating a corresponding decrease in the effective concentration of the hydro- 
gen ion. Moreover, the relative influence of the gum both on the velocity 
coefficients and on the pH values is greater in the more dilute acid solutions. 
This is in harmony with the well known adsorption phenomenon, viz., the 
adsorption of a solute by an adsorbent is relatively greater in dilute than in 
concentrated solutions. Apparently, therefore, gum arabic retards the 
catalysis of methyl acetate by hydrochloric acid by adsorbing the catalyst. 

Summary 

While gum arabic absorbs infra-red radiations it does not act as a catalyst 
for methyl acetate. Gum arabic retards the velocity of hydrolysis of methyl 
acetate when catalyzed by hydrochloric acid. Experimental evidence in the 
form of pH values leads to the conclusion that the gum adsorbs the catalyst. 

Physical Chemistry Laboratory, 

The State University of Iowa. 

* Clark, “The Determination of Hydrogen Ions." 
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BY 8. C. LIND 

The object of the present paper is to describe some experiments made 
several years ago which have remained unpublished on account, either of 
their uncompleted condition, or of the negative character of the results in one 
case. The recent trend of chemical kinetics appears to lend some interest to 
them either as suggestive of profitable directions of further research or possi- 
bly to spare others unnecessary experimental duplication. 

1. Photo-sensitivity of a Hydrogen-Bromine Mixture at Higher 

Temperatures 

Reaction tubes of the Victor Meyer type, about 8 cms long, 2 eras in 
diameter, of 25 cm* volume, containing I atmosphere (N. T.P.) each of H2 and 
Br2 were exposed at. 2 5o°r in a colorless vapor bath to the light from a 5 
ampere -i 10 volt carbon arc lamp. The reaction tub(» and arc lamp were both 
in the vertical position, to cms apart. It was found under these conditions 
that hydrogen and bromine combine at a rate 12 times that of the dark thermal 
reaction' at the same temperature. Kastle and Beatty^ had previously shown 
in a qualitive way that at 196° C, H2 and Br2 combine in sunlight much more 
rapidly, than in the dark, and that even in diffused day-light the increase in 
rate was quite marked. 

The character of the experiments of Kastle and Beatty would hardly 
justify their use for quantitative calculation, and the promised fuller report by 
them did not appear. Consequently, the WTiter is prompted to use his results 
at 250® C for some consideration in connection with the Nernst* theory of the 
excessive reaction between H2 and CI2 from the standpoint of the Einstein* 
photochemical equivalence law. Nenist postulated that the wave lengths 
capable of absorption by CI2 gas would liberate (^1 atoms, whicli would take 
part in a cyclical reaction with H2 through the two partial steps: 

CI+H2-HCI+H+25000 cals, 
and H+Cl2 = HCl-f C 1 + 19000 cals. 

Nernst assumed that on account of the positive heat of reaction of both steps 
this cycle would be spontaneously repeated a large number of times, thus 
accounting for the observed excess of a million fold over the requirements of 
the Einstein photochemical law. 

Nernst further stated that the well known photo-chemical inactivity of 
H2+Br2 is due to the fact that one step in the H2+Br2 cycle has a negative 
heat of reaction and therefore does not take place spontaneously, namely: 
H2+Bra=HBr-hH — 15,000 cals. 

^ Bodonstein and Lind: Z. phys. Chem. 57 , 168 (1907). 

• Kastle and Beatty: Am. Chem. J. 20, 159 (1898) 

* Nernst: Z. Elektrochem., 24 , 335 (1918) 

< Einstein: A’-n. Physik, (4) 37 , 832; 38 , 881 (1912) 
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Since, however, the H2+Br2 reaction does become light-sensitive at 
higher temperatures, as shown by Kastle and Beatty and by the present paper, 
one of three conclusions seems necessary: (i) The heat of reaction of the step 
H2+Br may change so as to become + at 250°. A thermodynamic calculation 
based on the data of I^cwis and RandalP for free energy and entropies based 
on the third law indicates that this can not be the case. This leaves open only 
the other two possibilities^: (2) that the Nernst ^ 'mult icy clicaP^ hypothesis 
is not correct or (3) that the H2-Br2 reaction under the conditions of the experi- 
ment does not exceed the requirements of the Einstein law, and therefore no 
multi-cyclical hypothesis is required. A rough calculation based on the experi- 
ment reported above for H2+Br2 at 250°, indicates that the rate of reaction 
observed will not exceed the photo-chemical equivalence, no matter what 
assumptions are made as to absorption efficiency and other influencing factors, 
and hence the Nernst hypothesis is not violated by the H2+Br2 reaction. 

The fact, however, that the Nernst principle is not violated in the Br 
reaction does not, by any means, constitute a proof that it is true in the 
H2+CI2 reaction*. In fact, it would be difficult to reconcile it with an observa- 
tion attributed by Kastle and Beatty (loc. cit.) to Amato, that H2 and CI2 at 

— 1 2° C may be exposed for hours to direct sunlight without combination taking 
place. It is entirely improbable that the heat of reaction of either of the 
partial reactions involved in the interaction of H2and CI2 can change from a 
high positive to a negative value in the temperature interval of +20® to 

— 1 2® C. A thermodynamic calculation similar to the one used for the H2+Br2 
reaction does not indicate much change in velocity in this interval. This 
leaves then only the choices either that the absorption diminishes so that there 
is no primary atomisation at ~ 12°, or the Nernst mechanism or Amato's obser- 
vation is incorrect. It seems for several reasons that the latter is the case. In 
the first place, we do not in general find photochemical reactions to have high 
temperature coeflScients. The use of the Bunsen and Roscoe actinometer 
involving an aqueous system has not permitted of wide variation of tempera- 
ture, but the data available^ do not show values that would explain Amato's 
result. Bodenstein and Dux® worked in a non-aqueous system and reported 
that within their limited range, temperature had little or no influence. It 
therefore appears that the observations of Amato at — 12° must have been due 
to the presence of O2 or some other inhibitor. However, in view of its impor- 
tant bearing on the Nernst hypothesis, the temperature co-efl 5 cient of the 
H2+CI2 reaction ought to be made the subject of further investigation. 

‘ Lewis and Randall: “Thermodynamics” pp. 464 and 607 (1923) 

* There is another possibility which does not particularly concern the Nernst hy- 
pothesis. The absorption of bromine may increase with temperature so that the necessary 
atomization first takes place at a temperature above the ordinary. This would furnish an 
additional reason for the absence of interaction between bromine and hydrogen at ordinary 
temperature and would throw no doubt upon the Nernst hypothesis, meaning simply that 
no bromine atoms would be present and that no cyclical reaction would take place even if 
they were. 

* See note at end of this paper. 

* M. Padoa: Gazz. chiro. ital. SlI, 193 (1921) 

® Bodenstein and Dux. Z. phys. Chem. 85 , 306 (1913) 
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2. Activation of a H 2 +CI 2 Mixture for Thermal Reaction 

In the course of some experiments with eleetrol j^ically generated H2+CI2 
mixture it was observed that the thermal reactivity increases progressively to 
a remarkable degree with the continued generation from HC'l solution. This 
is quite similar to the well known increase of photo-chemical activity of such 
mixture, and suggests that the inhibitors for the thermal and the photo- 
chemical reactions may be identical in nature, as w(dl as the reaction mechan- 
ism in both cases. 

3. Attempt to arrest the Propagation of an Explosion in a Gas 
Mixture by an Electrical Field 

The following experiment was made about 1 2 years ago under the impres- 
sion that flame propagation is perhaps maintained by electron ('mission in the 
flame front and that if tlu* electrons could be removed from the field of action 
by the imposition of an electrical fi('ld, the flame might be arrested. The ad- 
vances made since that time in th(' theory of flame propagation as well as in 
electronics, would perhaps, not justify the expiTiment to-day, but it will 
nevertheless be briefly described in hopes that the negative result may have 
some interest in other connections. 

A straight glass tube about i meter long and 1.5 cms internal diameter, 
closed with ordinary glass connections and stop-cocks at both ends, was cut in 
the middle so that a brass section about 10 cms long, of the same bore could be 
inserted. This was accomplished by means of a closc'-fitting glass sleeve over 
the outside of the joints, made gas-tight by Khot inski cement. The tube was 
mounted horizontally and an ordinary thin sto'l knitting needle was used as a 
central axial electrode through the brass section. The needle projected out 
into the glass tubes at both ends where it was centered and electrically insu- 
lated by resting on thin glass legs. To one end of the needle was fastened a 
platinum wire which was scaled through the glass tube to connect with one 
pole of a Wimshurst machine, the other pole being connected to the brass 
section of the explosion tube. A platinum spark gap was placed at one end of 
the tube to ignite the gases. 

Electrolytic 2H2+O2 mixture, generated from NaOH solution was intro- 
duced into the tube and brought to any desired pressure by means of a mano- 
meter. The pressure was first ascertained at which an explosion flame would 
just pass through the tube without a field. The explosion mixture was then 
introduced at a pressure somewhat above this critical value, the field was 
applied, the mixture sparked, and by observing in a dark room, one could 
easily see whether the flame traveled the entire length of the tube or stopped 
on reaching the brass section where the fi(dd was applied. 

The first experiments served to indicate that the flame could be arrested 
at pressures as much as 25 mms above the critical explosive pressure. The 
results, however, were illusory owing to two factors: 

(i) Moisture on the walls from previous combustion. 
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(2) Thin sparks or silent discharge in the brass section previous to the 
explosion caused premature impoverishment of the mixture by substitution of 
water vapor. It was finally concluded that the flame is not arrested by an 
electrical field. However, the source of voltage was not satisfactory. If the 
experiment were repeated at all, it should be with a more steady source of 
potential. 

The only two observations that appear of possible interest were; 

(1) That one can easily detect the difference between the bright yellow 
Na flame in H2 and O2 generated from NaOH or of the pale violet K flame in 
H2 and O2 from KOH solution, even when the H2+O2 mixture has been 
washed through H2SO4 solution, through several inches of closely packed 
cotton, and also allowed to stand in a gasometer for several weeks before use. 

(2) Even below the explosive pressure, a H2+O2 mixture will be caused 
to combine rapidly by continued sparking. Since the energy supply to main- 
tain sparking is much smaller than that to maintain incandescent glow to a 
wire or wire-net system it is possible that a sparking system might be used 
instead of a glow system to keep explosive gases from accumulating in switch- 
boxes,* city sewer sjnstems or even in certain parts of mine workings. 

I am indebted to Dr. D. C. Bardwell for his kind assistance with the 
calculations involved. 

W<ishington,D. C. 

J uly 1923. 


Note at the time of Proof Inspection 

In a more recent paper (“Sitzb.preuss.Akad. May 3, 1923, pp. 110-115), 
Nemst and Noddack express strong doubt as to the general applicability of 
thermodynamic treatment of photochemical partial reactions, which doubt is 
shared by the writer. They nevertheless state that the chain or multicyclical 
theory probably remains the most likely one for the hydrogen-chlorine reac- 
tion. At the same time, they suggest the possibility that it may be the CI2 
molecule which is activated, and which reacts directly with H2. The HCl 
formed retains an excess of energy for a short time which it is able to impart 
afresh to other CI2 molecules. This is the theory originally put forward by 
Bodenstein , (Z.Elektrochem.22,s3-6i (1916) ), which would have a more 
general applicability than the atomic chain theory, as was pointed out by the 
writer (“Chemical Effects of Alpha Particles and Electrons”, p. 141). The 
probability that the energy of activation can be imparted in this way has re- 
ceived indirect but strong support in the recent results of Cario and Franck 
(Z.Physik. 11 , 161-6 (1922) ). 

Wa»lm0m, November 1923, 


> H. C. P. Weber: Chem. Met. Eng. 27, 942 (1922) 



ON THE CATALYTIC HYDROGENATION OF CERTAIN OILS 


BY LOUIS KAHLENBERG AND TSU PEI PI 

In a previous article^ on the catalytic hydrogenation of cottonseed oil a 
number of new catalysts were mentioned and the conditions under which the 
best results may be obtained with them were described. The present paper is 
a continuation of that research, the object being to find still other and more 
effective catalysts and to test these not only on cottonseed oil, but also on soy 
bean oil, olive oil, corn oil, neat’s foot oil, and fish oil, as well as on the free 
fatty acids actually prepared from each of these oils in the laboratory. 

The method of experimentation was exactly the same as that employed 
before, the hydrogenation being conducted at atmospheric pressure in this 
case in the apparatus shown in Fig. 3, J. Phys. Chem. 25, 98 (1921). The 
hydrogen used was ordinary commercial hydrogen obtained in compressed 
form in steel cylinders. The gas was passed through concentrated caustic 
potash solution and then through concentrated sulphuric acid before con- 
ducting it into the oil to be hydrogenated. The experimental results 
obtained follow: 

Hydrogenation of Cottonseed Oil with Various Catalysts 

1 . Nickel oxide catalyst. 

About ten grams of nickel nitrate were decomposed by heating in a 
porcelain crucible. After the evolution of NO2 had ceased, the resulting nickel 
oxide was subjected to reduction by hydrogen at 33 5° to 340° C for three hours. 
The reduced substance was then carefully transferred to the tube® containing 
100 C.C. of cottonseed oil. The hydrogenation was conducted at a temperature 
of 210® C. After three hours, the oil solidified at room temperature. Its 
iodine number had been lowered from 109 to 63, and its melting point had 
become 41® C. 

2. Nickel molybdate catalyst. 

Ten grams of nickel chloride were dissolved in 200 cc of distilled water. 
To this solution, about eighteen and one-half grams of sodium molybdate 
dissolved in 200 cc of water were added. The precipitate was washed until 
free from sodium salt. The nickel molybdate was dried, ground to a fine 
powder, and finally reduced in a current of hydrogen at 350^-360® C for three 
hours. The catalyst thus prepared was added to 100 cc of cottonseed oil, 
without coming into contact with the air. Hydrogenation was then carried on 
at 240® to 250® C for three hours. After having cooled to room temperature, 
the oil became a very soft solid. Its iodine value was reduced from 109 to 84, 
and its melting point was 25® C. 

^ Kahlenberg and Ritter: J. Phys. Chem. 25 , S9-114 (1921) 

® Fig 3, J. Phys. Chem. 25 , 98 (1921) 
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3 . Nickel tungstate catalyst 

The method of preparation of the nickel tungstate was practically the 
same as that of preparing nickel molybdate, sodium tungstate being used in 
place of sodium molybdate. The nickel tungstate was reduced in hydrogen 
at 370° C for three hours. After cooling in a hydrogen atmosphere, it was 
transferred into 100 cc of cottonseed oil. The hydrogenation was carried on 
at 250® to 260® C. At the end of three hours a sample was taken and it was 
found that its iodine value had changed from 109 to 82, and its melting point 
had become 30° C. At the end of four hours, its iodine value was further 
lowered to 52® and its melting point raised to 42® C. 

4. Tungsten oxide catalyst 

Pure tungsten trioxide was reduced in a stream of hydrogen at 400® to 
420° C for five hours. It changed from yellow to blue in color. About 5 
grams of this catalyst was put into 100 cc of cottonseed oil, and the latter was 
hydrogenated for three hours at 250® to 260® C. On cooling, the oil did not 
show any tendency to solidify, and its iodine value was nearly the same as 
that of the original sample. 

5. Nickel silicate catalyst 

To an aqueous solution containing ten grams of nickel chloride, nine and 
one-half grams of sodium silicate were added to precipitate nickel silicate. 
The precipitate was washed with warm water until no trace of sodium salts 
could be detected in the filtrate. The nickel silicate was dried, ground to a 
very fine powder and then subjected to hydrogen reduction, in a combustion 
tube at 2 5o®-29o® C for three hours. After cooling, it was introduced into 100 
cc of cottonseed oil. This catalyst remained suspended more uniformly in 
the oil than any other catalyst used in the preceding experiments. The hydro- 
genation was carried on at i8o®-2oo® C for three hours. The iodine value was 
changed from 109 to 40 and the melting point was raised to 44® C. The 
hardened fat was very white and had acquired an odor quite different from 
that of the original oil. 

6. Nickel borate catalyst 

Nickel borate was prepared in the same way as nickel silicate except that 
borax was used as the precipitant. The nickel borate was reduced at 285®- 
290® C for three hours. The oil was hydrogenated in the presence of this 
catalyst at 200® C. A sample was taken at the end of three hours and found 
to have an iodine value of 60. Originally it was 109. The hardened fat melted 
at 42® C. This catalyst also remained well suspended in the oil. 

7. Iron silicate catalyst 

An aqueous solution containing ten grams of sodium silicate was treated 
with a little more than an equivalent amount of ferrous sulphate in solution. 
The formation of insoluble ferrous silicate took place instantaneously. The 
precipitate was washed with hot water until it was entirely free from sulphates, 
which are commonly believed to be ^'poisonous'' to the activity of a nickel 
catalyst. After drying and pulverizing, the powder was subjected to reduction 
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at 330°-35o® C for three hours. This catalyst was introduced into the cotton- 
seed oil without coming into contact with air. After three hours of hydro- 
genation, the iodine value of the oil was only slightly lowered, namely from 
109 to 105. 

Ferrous tungstate was prepared and tested in the same manner as the 
silicate. It was found that there was no change in the iodine value of the oil, 
even after the hydrogenation had been continued for three hours. 

8 . Iron-nickel silicate catalyst. 

To a sodium silicate solution, an equivalent amount of ferrous sulphate 
and nickel chloride solution was added to precipitate the combined silicates 
of iron and nickel. This precipitate was thoroughly washed with hot water 
till free from chlorides and sulphates. It was reduced by hydrogen at a tem- 
perature of 300° C for three hours. The reduced substance was added to 100 
cc of cottonseed oil, and the hydrogenation was conducted at 180° to 200® C. 
After three hours, the oil was still in a liquid state at room temperature. The 
iodine value had changed from toq to 94. On comparing these results with 
experiment 5 it is evident that the presence of iron greatly diminishes the 
catalytic activity of nickel. 

9. Nickel glycinote catalyst. 

Five grams of freshly precipitated and thoroughly washed nickel hydrox- 
ide were heated in 150 cc of distilled water with about eight grams of glycine 
until the liquid became perfectly clear. On cooling, nickel glycinate of a sky 
blue color gradually crystallized out. After being dried, a portion of it was 
put directly into the cottonseed oil and hydrogen was run into the mixture 
for three hours at a temperature of 220^-230® C. There was no appreciable 
change in the iodine value of the oil as compared with that at the start. 
Another portion of the nickel glycinate was reduced below 235® C for three 
hours (because above that temperature it was found to decompose) and the 
hydrogenation was repeated in the usual way. The result was again negative. 

10. Nickel tyrosinate catalyst. 

Nickel tyrosinate was prepared from the amino-acid tyrosine and nickel 
hydroxide. It was very difficult to keep it in good suspension in the oil. At 
the end of three hours of hydrogenation, the oil had neither changed its iodine 
value nor its melting point. 

1 1 . Thorium stearate catalyst. 

Ten grams of stearic acid were heated with the equivalent amount of 
potassium hydroxide. To the solution of potassium stearate thus formed 3.2 
grams of thorium chloride in solution were added. The insoluble thorium 
stearate was washed with hot water by decantation and then transferred to the 
filter and washed. This thorium salt was reduced at 140® to 150® C for three 
hours. The hydrogenation was conducted in the usual manner at 220® to 
240® C, After three hours, the oil seemed to have become somewhat thicker. 
The original iodine value, 109, was lowered to loi. 
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1 2 . Thorium silicate catalyst 

Thorium silicate was prepared from thorium chloride and sodium silicate, 
and reduced at 340® to 350° C for three hours. The hydrogenation was con- 
ducted for three hours at 220° to 240® C. The oil did not show any sign of 
solidification even when chilled with ice. 

13. Nickel chromate catalyst 

To prepare nickel chromate, a sodium chromate solution was treated 
with nickel chloride. After the precipitate had been thoroughly washed, 
dried and pulverized, it was subjected to hydrogen reduction in a combustion 
tube at 320® C. for but two hours. The catalyst thus prepared was carefully 
transferred into the tube containing 100 cc of cottonseed oil. This catalyst 
is pyrophoric. It must therefore be kept out of contact with the air. The 
hydrogenation was performed at 220® C for three hours. The oil solidified 
to a white fat at room temperature and this fat melted at 41® C. The iodine 
value had changed from 109 to 62. 

14. Nickel manganate catalyst 

Nickel manganate was obtained by precipitation using solutions of sodium 
manganate and nickel chloride. The precipitate was washed with distilled 
water as soon as it had been formed, because the manganate on standing 
easily oxidized to permanganate. The nickel manganate was then reduced at 
the same temperature as in the preceding experiment. After three hours of 
hydrogenation, the iodine value of the oil was lowered from 109 to 62, and the 
melting point became 40® .5 C. 

1 5 . Cobalt silicate catalyst. 

The catalyst was made by treating an aqueous solution of sodium silicate 
with a cobalt chloride solution. For one portion of the precipitated cobalt 
silicate, the temperature of reduction by hydrogen was not allowed to exceed 
350® C. As a result, at the end of three hours' hydrogenation at i8o® to 200® 
C, the cottonseed oil was still found to be a liquid at room temperature. 
For another portion of cobalt silicate, the temperature of hydroge nreduction 
was raised to 38o®-4oo® C. With the catalyst thus obtained, the oil solidified 
on cooling, after having been hydrogenated for the same period of time at 
180® to 200® C. The solidified fat melted at 37® .5 C, and had an iodine value 
of 71. 

All of the foregoing results are summed up in Table 1 . 

Hydrogenation of Soy Bean Oil with Various Catalysts 

16. Nickel silicate catalyst 

From experiment Si it is evident that nickel silicate forms the best 
catalyst for the hydrogenation of cottonseed oil. But when nickel silicate, 
prepared and reduced in exactly the same way as in experiment 5, was intro* 
duced into a tube containing 100 cc of soy bean oil having an iodine value of 
1301 it exhibited only a very slight catalytic activity, the oil being still liquid 
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Table I 

Summary of the results of the hydrogenation of the cottonseed oil, whose 
original iodine value was 109. 

The time of reduction of each catalyst in hydrogen was three hours, 
except in the case of tungstic oxide, when it was five hours. The time of hydro- 
genation was always 3 hours, except in the case of nickel tungstate* when it 
was 4 hours. 


Catalyst 

Reduction 
Temp. °C. 

Hydrogen- 
ation Temp. 

°C. 

Iodine 

Value 

after 

Hydro- 

genation 

Melting 

Point 

after 

Hydrogen- 
ation ®C. 

Nickel oxide 

335-340 

210 

63 

41 

Nickel molybdate 

350-360 

240-250 

84 

25 

Nickel tungstate 

370 

250-260 

82 

30 

4e n iy 

370 

250-260 

52 

42 

Tungstic oxide 

400-420 

250-260 

lOQ 

liquid 

Nickel silicate 

290 

200 

40 

44 

Nickel borate 

290 

200 

60 

42 

Iron silicate 

330-350 

250 

^05 

liquid 

Fe-Ni-silicate 

300 

200 

94 

yy 

Nickel glycinate 


220-230 

109 

*y 

yy yy 

235 

220-230 

109 

yy 

Nickel tyrosinate 


220-230 

lOQ 

yy 

Thorium stearate 

140-150 

220-240 

1 09 

yy 

Thorium silicate 

350 

240 

109 

*} 

Nickel chromate 

320 

220 

62 

41 

Nickel manganate 

320 

220 

62 

40.5 

Cobalt silicate 

350 

180-200 

109 

liquid 

Cobalt silicate 

380-400 

180-200 

7 T 

37-5 


at room temperature after three hours of hydrogenation. The iodine value was 
reduced only to 112, no matter how long the hydrogenation proceeded. 

17. Nickel horate catalyst. 

Although nickel borate was not as efficient as nickel silicate in the hydro- 
genation of cottonseed oil, it worked better in the case of soy bean oil. Nickel 
borate was prepared and reduced in the same manner as before described. 
The hydrogenation was conducted at 200® C for three hours. Solidification 
of the oil took place with ease at room temperature. The fat had an iodine 
value of 78, and a melting point of 33® C. This experiment would indicate that 
hydrogenation depends on the specific nature of the oil used, as well as on the 
individual catalyst 

18. Nickel molybdate and nickel tungstate catalysts. 

These two catalysts were prepared in exactly the same way as before. 
It was found that at the end of three hours of hydrogenation, neither of the 
two catalysts had worked satisfactorily. By the use of nickel molybdate, the 
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iodine value of the oil was only slightly lowered, namely from 130 to 122. By 
the use of nickel tungstate, there was no appreciable change in iodine value, 
even after hydrogenation for six hours. 

19. Nickel chromate catalyst. 

The method of preparation and the time and temperature of reduction of 
this catalyst were exactly the same as in experiment 13. The hydrogenation 
was carried on at 2 20® C. Samples were taken and tested at one hour intervals. 
The results are given in Table IL 


Table II 


No. of Hrs. of 
Hydrogenation 

Iodine No. before 
Hydrogenation 

Iodine No. after 
Hydrogenation 

Melting point 
of the product 

I 

130 

105 

liquid 

2 

T30 

74 

33 

3 

T30 

63 

41 

4 

130 

55 

44 


The color of the hardened fat was not as white as that of the hardened 
cottonseed oil. 


20. Nickel manganate catalyst 

The experiments with nickel manganate were conducted exactly like 
those with nickel chromate in experiment 19. The results arc given in Table 
III. 


Table III 


No. of Hrs, of 
Hydrogenation 

Iodine No. before 
Hydrogenation 

Iodine No. after 
Hydrogenation 

Melting point 
of the product 

I 

130 

105 

liquid 

2 

130 

72 

34 

3 

130 

62 

42 

4 

130 

53 

45 


Attempts were also made to harden soy bean oil by using as catalysts 
cobalt silicate, iron silicate, nickel formate, nickel oleate, nickel stearate. 
However, all of these experiments were unsuccessful. 


Hydrogenation of Various Oils with Nickel Silicate as Catalyst 

The nickel silicate catalyst was used in the following experiments because 
it had been found the most efficient one in the work on cottonseed oil. 

21. Olive oil. 

Pure California olive oil was preheated at 140® C. for an hour before hydro- 
genation. The nickel silicate, which was prepared as before, was added to the 
oil. The hydrogenation was conducted at 220® C. for eight hours. Samples 
were taken and tested at one hour intervals, and the results are given in 
Table IV, (The original iodine value of the olive oil was 80). 
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Table IV 


No. of Hrs. of 
Hydrogenation 

Iodine value after 
Hydrogenation 

Melting point of 
the product 

I 

70 

liquid 

2 

68 

30 

3 

64 

32 

4 

60 

33 

S 

58 

34.5 

6 

52 

39 

7 

52 

39 

8 

32 

39 


It is evident from Table IV that the hydrogenation of the olive oil reached 
its maximum at the end of the sixth hour, beyond which time the iodine value 
and melting point of the oil remained constant. The hardened fat was very 
white in color. 

22 . Corn oil 

The hydrogenation was conducted at 250° to 255° C. for four hours. A 
sample was tested hourly. The diminution of the iodine value of the oil stop- 
ped at the end of the third hour. The oil did not solidify as a whole, but on 
standing only a small portion separated out at the bottom of the tube as a 
white mass. The experimental data are given in Table V. 

Table V 


(The iodine value before hydrogenation was 115) 


No. of Hrs. of 
Hydrogenation 

Iodine value after 
Hydrogenation 

Melting point 
of the product 

I 

113 

liquid 

2 

lOI 

yy 

3 

95 

yy 

4 

95 

yy 


23. NeaVs foot oil. 

The neat’s foot oil was a high grade oil obtained from Armour and 
Company. It was hydrogenated at 2 2o°-23o® C. The hydrogenation pro- 
ceeded very slowly, and ceased at the end of the third hour. The results are 
given in Table VI. 

Table VI 


(The iodine value of the neat’s foot oil before hydrogenation was 77) 


No. of Hrs. of 

Iodine value after 

Melting point of 

Hydrogenation 

Hydrogenation 

the product 

I 

76 

liquid 

2 

75 

yy 

3 

74 

yy 
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On account of this rather unusual result, the experiment was repeated. 
The results obtained were very practically the same. 

24. Fish oil. 

The hardening of fish oil (obtained from fish caught in Lake Michigan) 
was carried on at 220^-230° C. for six hours. The oil had an unpleasant odor 
during the process. Samples were tested every hour. The results are given 
in table VII. 

Table VII 


(The iodine value of the fish oil before hydrogenation was 140) 


No. of Hrs. of 

Iodine value after 

Melting point of 

Hydrogenation 

Hydrogenation 

the product 

I 

138 

liquid 

2 

133 


3 

124 


4 

no 


5 

109 

ff 

6 

109 

>1 


In order to find the limit of conversion of cottonseed oil into hardened fat, 
and of oleic acid into the corresponding stearic acid by the aid of nickel 
silicate (which was rather the best catalyst according to the preceding experi- 
ments), the oil and the acid were each separately hydrogenated in the following 
experiments, 25 and 26. 

25. Cottonseed oil. 

The hardening of cottonseed oil was performed exactly as before described. 
A sample was taken and tested at the end of each hour, until the iodine value 
of the oil no longer changed. The data are given in Table VIII. The reduc- 
tion of the iodine value and the rise of the melting point of the oil are also 
shown by means of the curve in Figure I. 


Table VIII 

(The iodine value of the cottonseed oil before hydrogenation was 12 1) 


No. of Hrs. of 
Hydrogenation 

Iodine value after 
Hydrogenation 

Melting point 
of the product 

No. of Hrs. of 
Hydrogenation 

Iodine value after 
Hydrogenation 

Melting point 
of the product 

I 

94 

liquid 

14 

30 

52 

2 

78 


15 

29 

53 

3 

6s 

32 


27 

S 4 

4 

SS 

39 

17 

25 

SS-S 

5 

51 

40 

18 

23 

57 

6 

48 

41.5 

19 

21 

58 

7 

45 

43 

20 

19 

59 

8 

41 

44 

21 

17 

60 

9 

38 

45 

22 

14 

61 

10 

35 

46 

23 

12 

62 

II 

33 

48*5 

24 

II 

64 

12 

32 

50 

25 

10 . 5 

65 

13 

31 

51 

26 

10.5 

65 
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Fig. I 

Hydrogenation of Cotton Seed Oil 

26. OUic add. 

The hydrogenation of oleic acid was continued for thirty-two hours, and 
the reaction came to a stop at the end of the thirty-first hour. This series of 
experiments indicates that the optimum temperature for the conversion of 
oleic acid into stearic is 200^-220° C. Above that temperature, the acid 
beedme brown in color and developed a disagreeable odor. Table IX gives 
the results. The changes in the iodine value and melting point of the oleic 
acid are also presented in the form of curves in Figure 2. 


Table IX 


(The iodine value of the oleic acid before hydrogenation was 90) 


No. of Hrs. of Iodine value after 
Hydrogenation Hydrogenation 


Melting point 
of tlie product 


liquid 


23 

25 

28 

29 

31 

32 

33 

33.5 

34.5 

35 

36 
38 

40 


No of Hrs of If)dine value after 
Hydrogenation Hydrogenation 


Melting point 
of the product 


17 

40 

43 

18 

38 

44 


35 

45 

20 

32 

47 

21 

30 

49 

22 

27 

SI 

23 

25 

52 

24 

21 

54 


19 

56 


17 

59 


16 

60 


15 

60.5 


14 

61. s 


13 -5 

62 


13 

63 

k 9 H 

13 

63 
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40 


20 


To investigate whether it is easier to hydrogenate oils (which are glycerine 
esters) or the corresponding free fatty acids, the following experiments were 
performed. Cottonseed oil, soy bean oil, fish oil, and neat's foot oil were hy- 
drogenated as already stated. In experiments 27, 28, 29, and 39, the free 
fatty acids obtained from these oils respectively, were hydrogenated by means 
of the best catalyst found, namely, nickel silicate. These free fatty acids 
were obtained in each case by saponification of the oil in question with alco- 
holic potash, the soaps being then decomposed with hydrochloric acid, the 
free acids thoroughly washed with water, and dried before hydrogenation. 

27. Acid from cottonseed oil, 

A hundred grams of cottonseed oil were saponified with alcoholic potash. 
The soap which was light yellow in color and transparent, was decomposed by 
warming with hydrochloric acid. The acid thus liberated was thoroughly 
washed with water until free from alcohol and then separated from the aqueous 
liquid by means of a separating funnel. The iodine value, solidifying point 
and melting point of the acid were determined before hydrogenation. The 
hydrogenation was carried on for three hours at 220° C. The results ob- 
tained are given in Table X. 



Table X 

(The free fatty acid melted at 3 1® C, solidified at 29® C, and had an iodine 
value of 102 before hydrogenation) 


No. of Hrs. of 
Hydrogenation 

Iodine value after 

1 Hydrogenation 

Melting point 
of the product 

I 

86 

34 

2 

72 

37 

3 

59 

41 
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28. Acid from soy bean oil, 

A hundred grams of soy bean oil were treated in the same way as the 
cotton seed oil in the preceding experiment. The soap was not perfectly solid 
and its color was brown. The data in Table XI are the results obtained after 
four hours of hydrogenation. 

Table XI 


(The free fatty acid melted completely at 23® C, solidified at 21° to 18° C., 
and had an iodine value of 136 before hydrogenation.) 


No. of Hrs. of 
Hydrogenation 

lodint* value after 
Hydrogenation 

Melting point 
of the product 

I 

121 

26 

2 

06 

32 

3 

65 

35 

4 

76 

38 


29. Add from fish oil. 

The free fatty acid of the fish oil was prepared similarly and then sub- 
jected to hydrogenation at 2oo°-2io° C. 

The results are presented in Table XIL 

Table XII 

(The free fatty acid melted at 25° C, solidified at 21® C, and had an 
iodine value of 130 before hj^drogenation) 


No. of Hrs. of 
Hydrogenation 

Iodine value after 
Hydrogenation 

Melting point 
of the product 

I 

122 

27 

2 

1 13 

20 

3 

105 

32 

4 

q6 

35 


30. Acid from neaVs foot oil. 

The neat’s foot oil gave a pretty, yellow soap when saponified with 
alcoholic potash. The acid was obtained as in the preceding experiments. 
It was subjected to hydrogenation at about 200° C. It was found that the 
add was much easier to hydrogenate than its parent oil. This experiment was 
carried on for three hours and the final product obtained was perfectly white 
and hard. The data are given in Table XIII. 


Table XIII 

(The free fatty acid melted at 23° C, solidified at 21° C, and had an 
iodine value of 77 before hydrogenation). 


No. of Hrs. of 
Hydrogenation 

Iodine value after 

1 Hydrogenation 

Melting point 
of the product 

I 

52 

39 


2 

43 

47 


3 

1 32 

54 
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Conclusion 

Among all the various catalysts tested, nickel silicate proved to be the 
most active in the hydrogenation of cottonseed oil. The optimum temperature 
for the reduction of this catalyst is from 290“ to 300° C., and that for the 
hydrogenation of the oil is from 180° to 200° C. 

Nickel tungstate was found to be efficient in hardening cottonseed oil. 
The only objection to it is that it requires a rather high temperature for its 
reduction. 

Iron retards the catal3d;ic activity of nickel, when both of these metals 
are present in the catalyst. It is therefore obvious that the nickel catalyst 
must be entirely free from iron in order to acquire its maximum activity. 

Soy bean oil has hitherto been found to be very hard to hydrogenate. 
However, by means of nickel chromate and manganate, this oil was duly 
hydrogenated. Solidification took place at the second hour, when the iodine 
number fell to about half of its original value. 

The hydrogenation of free fatty acids was found to be very much more 
readily accomplished than that of the corresponding parent oils. The case of 
neat’s foot oil is an especially striking example of this fact. 

Chemical Laboratory , 

University of Wisconsin, 

Madison, Aiigusl, 192S, 



CATALYTIC ACTIVITY 

BY C. O. HENKE AND O. W. BROWN 

Catalytic Activity and Overpotential 

Ridcal/ from theoretical deductions, arrived at the conclusion that metals 
with low overpotentials were catalytically active while metals having high 
overpotentials were catalytically inactive. He states that metals having an 
overpotential ''equal to or exceeding 0.455 volt, should, if used as catalysts in 
hydrogenation processets, show no activity since the energy necessary for 
desorption exceeds that necessary for the activation of hydrogen in the gaseous 
state in the absence of a catalytic material”. 

Rideal cites the fact that the well known catalysts like nicked, copper, 
platinum, etc., have low overpotentials. Tin, lead, mercury and zinc however 
have high potentials and he states that these according to Sabatier, are inac- 
tive in hydrogenation processes. 

In a previous paper^ we have given the results of several experiments with 
tin as catalyst. It was found to b(' an excellent catalyst for the reduction of 
nitrobenzene to aniline. Material yields up to qc//^, aniline were secured. 
Yet, according to Rideal’s calculation, tin should have no catalytic activity or 
at the most very low activity. Thus Rideal lists tin as having an overvoltage 
of o 43 to o , 53 volt. Caspar! found the overvoltage to be o . 53 volt. 

Lead likewise has a high overpot (^ntial and should, according to this idea, 
bo inactive catalytically. Yet we have shown* that lead is an excellent 
catalyst for hydrogenation processes. Not only does lead produce aniline but 
under some conditions 55^ yields of azobenzene were secured. With a suit- 
able catalyst yields of over 969?; aniline are obtained. Thus lead does not act 
as Rideal would predict from its overpotential which he lists as o 42 to 0.78 
volt. The overvoltage as determined by Caspar! is o . 64 volt. 

According to RideaPs idea both tin and lead should be inactive catalytic- 
ally or at the most their catalytic activity should be very low. However we 
have shown that these metals are not only catalytically active but in fact are 
excellent catalysts. This then wxnild indicate that there is no relation between 
overpotential or overvoltage and catalytic activity. 

Specific Action of Catalysts 

The catalytic production of good yields of azobenzene has only been 
secured with lead, bismuth and thallium^ as catalysts. The production of 
azobenzene seems to be specific, at least to quite a large extent. Small 
amounts of azobenzene were secured with gold, antimony, chromium and 
manganese. The amount of azobenzene produced by these catalysts was 

^ J. Am. Chem. Soc., 42 , 94 (1920) 

* Brown and Henke: J. Phys. Chem. 27 , 739 (1923) 

* Henke and Brown: J. Phys. Chem. 26 , 324 (1922) 

* Henke and Brown: J. Phys. Chem. 26 , 324, 636 (1922) 
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extremely small. Nickel, copper and silver produce no azobenzene. We have 
used about 33 different copper catalysts, with a wide range of activity, and 
have carried out nearly 600 experiments with copper as catalyst, yet, we have 
never secured any solid red azobenzene. Likewise nickel and silver do not 
give it. 

Sabatier^ states that with copper as catalyst and an insufficient excess of 
hydrogen the product obtained is colored an orange red by a certain amount of 
* azobenzene or even of untransformed nitrobenzene. A colored product is 
easily obtained with any catalyst, the color possibly being due to azobenzene 
but we have never been able to obtain any solid red azobenzene with copper, 
nickel or silver as catalysts. 

Lead, bismuth and thallium on the other hand give azobenzene in quan- 
tity. Lead catalysts have been prepared giving as high as 55% yields of 
azobenzene. Also other lead catalysts (prepared differently) have given over 
96% yields of aniline. Bismuth and thallium catalysts have given over 90% 
yields of azobenzene. With thallium we have never secured as high as 10% 
yields of aniline. Thus these three catalysts, lead, bismuth, and thallium, 
give azobenzene and aniline but do not give cyclo compounds. Copper and 
silver give amines but do not give azo compounds or cyclo compounds. 
Sabatier^ states that copper does not attack the aromatic nucleus. Nickel 
and cobalt give amines and cyclo compounds but do not give azo compounds. 
This indicates that in the reduction of nitrobenzene these catalysts are quite 
specific. Their activity and even the product formed may be varied but only 
within certain limits. Thus lead may be prepared to give aniline or to give in 
addition to aniline large amounts of azobenzene, but it does not give cyclo 
compounds. Nickel may be made to give cyclo compounds or to give amines, 
with but a small amount of cyclo compounds, but it does not give azo com- 
pounds. Copper and silver, on the other hand, give only amines and neither 
azo compounds or cyclo compounds. 

Thus catalysts, in the reduction of nitro compounds, seem to be quite 
specific. On the other hand Adkins and Krause® in a study on the decompo- 
sition of ethyl acetate by alumina, titania and thoria come to the following 
conclusion: ^^Experimental confirmation of the statement that alumina, 
titania and thoria catalyze specific decompositions of ethyl acetate, has not 
been obtained. The results obtained by us indicate that in determining the 
order of efficiency of these catalysts for these reactions, the method of prepara- 
tion of the catalyst is of equal if not greater importance than the particular 
metallic element present in the catalyst.'^ Again Adkins^ in a later paper 
states: ‘^Alumina has been preferentially activated for decarboxylation and 
for dehydration by modifying its method of preparation.'^ However it would 
be interesting to know the highest percentage yield obtainable in each of the 
three reactions by each of the three catalysts, using each catalyst under the 
best conditions for that catalyst for each reaction. One catalyst would prob- 
ably work best at one temperature and another at a different temperature. 

» Compt. rend., 133, 321 (i 9 op 

* “Catalysis in Organic Chemistry,” p. 181 (1922) 

» J. Am. Chem. Soc., 44, 3S5 (1922) 
i * J. Am. Chem. Soc., 44, 2186 (1922) 
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Also one catalyst would give the highest percentage yield of reaction i (as 
numbered by Adkins and Krause) under one set of conditions, while an entirely 
diflferent set of conditions might be required to give the highest percentage 
yield of reaction 2 and still another set for reaction 3. It might thus be 
found that one catalyst would give the highest yield of one reaction while 
another catalyst would give the highest yield of another reaction. 

Catalytic Activity and Atomic Weight 

In connection with the production of azobcnzene it was pointed out in a 
previous paper' that the three catalysts which produce azobenzene, thallium, 
lead and bismuth, fall together when the elements are arranged according to 
their atomic weights. Thus thallium has an atomic weight of 204, lead 207 
and bismuth 208. No other element has an atomic weight between 204 and 
208. No other catalyst has been found to give azobenzene in appreciable 
amounts. However these three catalysts under suitable conditions give 
azobenzene in large quantities. Thus there seems to be a relation between 
atomic weight and the property of producing azobenzene. 

Catalytic Activity and Oxidation 

In discussing the action of iron and antimony in a ])revious paper^, it was 
pointed out that apparently the metal partially reduced the nitrobenzene 
and was itself converted to the oxide. Thus at the lower temperatures these 
catalysts would quickly lose their activity. Their activity however was 
quickly restored by heating to a higher temperature in hydrogen. This would 
indicate that at the lower temperature the nitrobenzene oxidizes the metal to 
the oxide, and hence the catalyst loses its activity. Then at this lower tem- 
perature the oxide is not reduced or only slowly reduced by the hydrogen. 
When the temperature is raised the oxide is reduced and hence the catalyst 
regains its activity. While at the higher temperatures the catalyst does not 
lose its activity or at least much more slowly, presumably because at this 
temperature the oxide is reduced as fast as it is formed. 

Summary 

1. The fact that tin and lead have high overvoltages and are excellent 
catalysts while the previously known catalysts, as nickel and platinum, have 
relatively low overvoltages indicates that there is no relation between cata- 
lytic activity and overvoltage. 

2. In the reduction of nitrobenzene catalysts are specific. Their activity 
and even the product obtained may be varied but only within certain limits. 

3. There seems to be a relation between atomic weight and the property 
of acting as a catalyst in the formation of azobenzene. 

4. The behavior of iron and antimony catalysts indicates oxidation of the 
metal by the nitrobenzene and subsequent reduction of the oxide by hydrogen . 

Laboratory of Physical Chemistry 
Indiana Uni'jersity 
Bloomington 

^ Henke and Brown: J. Phys. Chem., 26 , 636 '1922) 

* Brown and Henke: J. Phys. Chem. 26 , 278 (1922) 



THE DISCOVERY AND SEPARATION OF THE ISOTOPES 
OF CHLORINE AND THE WHOLE NUMBER RULE 

BY WILLIAM D. HARKINS AND T. H. LIGGETT^ 

1. Introduction 

The first discovery of the non-elementary nature of a light ^‘element’’ was 
entirely accidental. On January 17, 1913, J. J. Thomson, in an address to 
the Royal Institution, stated that he had found a second line in the positive ray 
spectrum of neon, with the explanation given in the following quotation: 
‘There is, however, the possibility that we may be interpreting Mendelcef^s 
law too rigidly, and that in the neighborhood of the atomic weight of neon 
there may be a group of two or more elements with similar properties, just as in 
another part of the table we have the group iron, nickel, and cobalt.^’ 

The idea that an element whose exact element (so-called atomic) weight 
differs by more than o.i per cent from a whole number, is a mixture of two 
or more isotopes, was advanced in 1915 by Harkins and Wilson in a series of 
papers on the “Whole Number Rule ’^2 In these papers the atomic weight of 
the lighter isotope of chlorine was given as 35.00, and it was pointed out that 
the atomic weights indicated a general difference of 2 between adjacent 
isotopes. In 1916 Harkins and Turner began an attempt to separate the 
isotopes of chlorine, a notice of the beginning of this work having been pub- 
lished by Harkins and Hall.® Chlorine gas was diffused through the stems of 
church-warden smoking pipes, and the atomic weights of the residue and dif- 
fusate were determined by the gas density method. The first results were 
inconclusive, so experiments were begun using hydrogen chloride gas. Chlor- 
ine had been selected in the first place because it could be obtained in the 
liquid form in iron cylinders, and because it is easily condensed from the 
gaseous to the liquid or solid form. However, if there are two isotopes, Cl 
and CZ, of the monatomic substance, there are three molecular isotopes^ Cl-Cl, 
Cl-CZ, and CUCl. Now the vsecond of these has a molecular weight which is 
the mean of those of the other two, so it reduces the rapidity of the separation 
of the atomic isotopes by one-half. This disadvantage is overcome by the use 
of hydrogen chloride in which each of the atomic isotopes is combined separ- 
ately with a very light atom. 

^ Contribution from the Chemical Laboratories of the University of Chicago and of 
Central College, Pella, Iowa. 

* These papers contained the first statement of the modern “Whole Number Rule’^ 
or the “ Law of the Constancy of the Packing Effect. “ The evidence presented in support 
of the whole number rule was that contained, (i) in the chemical atomic weights, and (2) the 
facts then known concerning radioactivity. The facts brought out by the later work on 
positive rays have given a strong support to the rule but they have in no way modified the 
form which was given to it by Harkins and Wilson nine years ago. References: Harkins 
and Wilson: Proc. Nat. Acad. Sciences, 1, 276 (1915); J. Am. Chem. Soc., 1367*1421 
(I 9 I 5 )» Pkil. Mag., 30 , 72 .V 34 ( 1915 ^- 

* J. Am. Chem. Soc., 38 , 221 (1916) 

^ Harkins: Science 51 , 289-91 (1920) 
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The work of the present paper was begun in 1917, but was stopped by 
incidents connected with the beginning of the war. An atomic weight deter- 
mination made in August 1919, indicated that a partial separation of isotopes 
had been attained, but the atomic weight determinations were made some- 
what hastily, so the^y were not entirely conclusive. 

In January 1920 Harkins and Brocker obtained definite evidence, since 
carefully confirmed, that they had secured five grams of chlorine, with an 
atomic weight 0.055 units higher than that of ordinary chlorine.^ Five atomic 
weight determinations made b^’^ an extremely accurate density method gave 
results as obtained at that time: 0.052, 0.059, 0.057, and 0.053 units increase 
in atomic weight. The efficiency of the process was 60 per cent; that is about 
60 per cent of the theoretical change of atomic weight was actually obtained. 
The further progress of this separation, which was proceeding rapidly, was 
stopped about tw^o months later by the illness and death of Mr. Broeker. 

The importance of this work lies not only in the fact that it was the first 
actual separation of an elemcTit into isotopes, but in addition it was an entirely 
independent discovery of the existence of isotopes of chlorine, practically 
coincident with experimentally, and much earlier theoretically, than that in 
which the much more rapid positive ray method was used by Aston. A second, 
and entirely independent separation of the isotopes of chlorine was obtained 
by Harkins and Hayes. ^ They obtained larger quantities of isotopic material 
by diffusion through pipes of porous porcelain prepared by the Bureau of 
Standards. The increase of atomic weight obtained was 0.04 unit, and the 
efficiency, about 35 per cent, or considerably less than that of the earlier work. 
This was due to the fact that the pores of these pipes were larger than those of 
the church-warden pipe stems. 

The present paper describes another independent separation in which an 
increase of 0.043 unit was obtained. Its value is due to its entire agreement 
with the tw^o separations reported earlier, even though the method used in the 
determination of the atomic w^eight is entirely different. 

2. Apparatus and Method of Separation 

The apparatus used in the present work consisted essentially of a set of 
16 church- warden pipe stems connected in scries and jacketed by larger tubes 
similar to condenser jackets. In order to save space a part of the tubes were 
contained in a gas-tight plate-glass box. A rapid current of dry air was 
kept passing through the outer jackets and the glass box, but great care was 
taken to keep the pressure in the jackets and inside th(' porous tubes as nearly 
equal as possible. Hydrogen chloride produced by the interaction of concen- 
trated sulphuric and hydrochloric acids was passed at a uniform rate through 
the inner porous tubes, after which an}^ hydrogen chloride which had not 
diffused out was absorbed by passing the gas over the surface of water in a 
series of absorption tubes. The solution constituted the residue or the heavy 

1 Harkins: Phys. Rev., 15 , 74 (1920); Science, 51 , 289-91 (1920); Nature, 105 , 230-1 

(1920). 

* J. Am. Chem. Soc., 43 , 1822 (1921). 
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fraction. The admixed air which had diffused into the porous tubes, after 
being thus freed from hydrogen chloride, passed directly into the air of the 
room. The air from the outer jackets, which contained the diflfusate or light 
fraction, was freed from hydrogen chloride in a separate set of absorption 
tubes. The apparatus was similar to that used by Harkins and Hayes, ^ 
which has been fully describejd. 

Three sets of diffusions, each with a cut of approximately 20, were made 
by the use of this apparatus, so the final cut was approximately 8,000, which 
corresponds to an increase of atomic weight of about 0.08 unit. Thus the 
separation actually attained corresponds to an efficiency of about 54 per cent, 
which is in good agreement with that obtained by Harkins and Broeker by 
the use of an almost identical apparatus. It may be stated that, in agreement 
with what may be expected from the standpoint of the theory of the various 
processes^ a similar diffusion at low pressures as carried out by Harkins and 
Mann has given efficiencies of 90 per cent or more. 

3. Purification of the Chlorine Compounds 

The solution of hydrogen chloride from the first diffusion was given a 
preliminary purification by distillation in an apparatus of hard glass. The 
middle fraction alone was used for further purification, but this and the two 
end fractions were tested for iodine and bromine as described later, but no 
trace of cither of these elements was found. However, to add to the certainty 
that these elements were absent the middle fraction was redistilled after the 
addition of a few crystals of potassium permanganate. The middle fraction 
from this redistillation was used for further treatment. This method of 
separating bromine and iodine is recommended by Richards.* 

The hydrogen chloride from the last middle fraction was converted into 
potassium chloride by the addition of very pure potassium carbonate. This 
laat salt was pre})ared by recrystallizing 3 times beginning with 5 pounds of the 
pure salt. This was of the best grade which could be purchased. The potas- 
sium chloride thus obtained was still further purified by careful fractional 
recrystallization. The hydrogen chloride from the further diffusions was 
purified in the same way. 

The final yield of highly purified salt was 16 grams for the diffusions 
completed in June 1920, and 2.22 g. from the intermediate fraction obtained 
later. The heaviest chlorine was obtained in July 1921, and was reduced by 
the extensive purification to 3.08 grams of potassium chloride. 

4. Methods of Analysis 

Isotopic and ordinary potassium chlorides prepared from the same potas- 
sium carbonate and purified in exactly the same way as described above, were 
used for the determination of the relative atpmic weight of the isotopic chlorine. 

* J. Am. Chem. Soc., 43 , 1922 (1921) 

* Harkins and Mulliken: J. Am. Chem. Soc., 44 , 37-65 (1922). 

* Richards: Carnegie Publication No. 125. 
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The purest silver used by the U. S. Mint was obtained from them. It 
was cleaned by washing successively in alcohol, ether, nitric acid, and distilled 
water. It was then cut into pieces of about i gram each and kept in a desic- 
cator. 

Precipitation of the Silver Chloride. Three of the i g. pieces of silver were 
weighed carefully and were placed in 400 ccm. beakers, 10 ccm. of 6 N nitric 
acid, entirely chlorine free, was added, and the silver disssolved by the aid of 
gentle heating, which also effected the removal of nitrogen dioxide. The silver 
nitrate thus prepared was diluted to N/io concentration, and heated to 75°. 
Slightly less than the equivalent amount of the respective potassium chloride 
solution, diluted to N/io concentration, was then dropped in from a pipette, 
with constant stirring. The beakers were then warmed a few minutes on the 
hot plate, and allowed to stand until the solution had become clear, which 
usually occurred in from 4 to 10 hours. Enough potassium chloride was thea 
added with constant stirring, to make very slightly more than the equivalent 
amount, and the heating and settling again repeated, a third slight amount of 
potassium chloride was added to insure complete precipitation and this was 
followed by 24 hours standing. 

The solutions were filtered through crucibles of the Munroe type with a 
very thick platinum sponge, burnished on top until it had the appearance of 
sheet platinum. Over this a perforated platinum disc was used, partly to 
prevent possible injury to the filtering surface — though it was so hard as to 
make this unnecessary but chiefly to enable the major part of the silver 
chloride to be easily removed for fusion. These crucibles proved extremely 
satisfactory, since they could be used for many determinations with losses in 
weight in only the fifth decimal place, and often were found to check to within 
0.00001 gram. 

Filtration and Washing. The crucibles were supported by rubber rings 
in glass funnels which were placed inside copper funnels, the space between 
the funnels being filled with finely chopped ice. 

The liquid over the precipitate w^as decanted through the crucible, and 
the precipitate was then washed 10 times by decantation with ice-cold water 
containing 5 ccm. of 6 N nitric acid per liter. During this process the beaker 
was kept, whenever possibh^ in a bath kept at 0°. The transfer of the precipi- 
tate to the crucible was made with extreme care to prevent any loss. Finally 
the sides of the beaker were cleaned by the use of a carefully prepared rubbei* 
‘^policeman, and the completeness of the transfer proved by rinsing the beaker 
with a few ccm. of ammonium hydroxide and acidifying with nitric acid. The 
precipitate in the crucible was then washed 10 times with wash water of the 
same kind until the volume of the wash water had become 175 ccm., the pres- 
sure in the suction flask being kept constantly 200 mm. below that of the 
atmosphere. The precipitate was usually free from soluble (chlorides after 
100 ccm. of wash water had been used. 

The crucibles were wiped on the outside by a clean cloth, and after 10 
hours heating in an electric furnace at 250®, they were cooled three hours in a 
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desiccator placed beside the balance, after which they were weighed. After 
this the heating and cooling were rejKiated until the weight became constant 
to I or 2 units in the 5th decimal place. 

The major portion (90 to 98%) of the precipitate was then removed from 
the top of the disc by the use of a small spatula, and placed in a quartz crucible 
which was weighed at once. It was then heated to 250° for some time, cooled, 
and again weighed. If the weight had changed more than 0.00002 g., the 
heating was repeated until the weight became constant. The quartz crucible 
was then set inside a nickel crucible in which it was supported by a ring of 
metal, and was heated until the silver chloride fused into a single mass. The 
silver chloride was always pure white before heating, and was slightly darkened 
by heating, but it finally formed a light-colored, translucent mass. The cruci- 
ble was rotated so that the silver chloride would not include gas bubbles. 
After cooling and weighing, the fusion was repeated to make sure that the 
weight had become constant. The fusion correction averaged 0.00006 g. per 
gram of silver chloride. 


S. Weighing and General Procedure 

The Ainsworth balance used for the weighings had a rated sensitiveness of 
1/50 mg., but by using 1 mg. riders both for getting the zero point and for the 
weighings, always taking the zero point just before and just after the weighings, 
and by using a lens for reading the scale, it was found that there was not more 
than i/ioo mg. difference between successive weighings of i g. of silver. The 
crucibles were counterpoised by other crucibles of slightly less weight. The 
weights used were calibrated both at the beginning and the end of the work by 
the use of 4 pieces which had been standardized under Class M Weights by 
the Bureau of Staqdards, with corrections to 0.001 mg. for the 10 and 100 mg. 
pieces, and 0.0 1 mg. for the i and 10 g. pieces. Each weight which was used 
was checked against two of the standard weights, with the exception of the 
smallest and largest, which were checked against one. All determinations were 
corrected to weight in a vacuum. 

In order to minimize the effects of dust, light, vibrations, and change of 
temperature, all of this work was done in a separate room in which no other 
work was being done. Daylight was not allowed to act on the precipitates, 
and the lighting was produced by a red screen over a tungsten bulb. All of the 
water used was of the “conductivity^^ grade. The beakers were of hard glass. 

The Munroe crucibles were cleaned by washing 5 times with 1 5N ammon- 
ium hydroxide to dissolve almost all of the silver chloride, and by subsequent 
standing in ammonium hydroxide of the same concentration for 5 hours. 
They were then washed successively with ammonium hydroxide,water, dilute 
nitric acid, and finally 10 times with the wash water slightly acidified with this 
acid. After drying 4 hours at 250° and weighing, this process was repeated 
until the weight became constant. 



SEPARATION OF THE ISOTOPES OF CHLORINE 


79 


6. Determination of Silver Chloride in the Wash Water 

Two methods, the nephelometric and a non-nephelometric method, were 
used for the determination of the silver chloride in the wash water. The latter 
of these two methods was used at first since at that time no nephelometer was 
available. It consisted in making extra determinations in which three com- 
plete sets of washings were used. In this way it was found that 0.00007 g* 
silver chloride was lost in each washing, a value which agreed well with the 
nephelometric determinations. 

The method of using the nephelometer was briefly as follows: 

(a) Both vials were first filled with a comparison suspension of infusorial 
earth, prepared as described below. The right-hand vial was set at 20 mm, and 
the left hand one adjusted till equal illumination was secured. This was 
usually at 22 mm. The left-hand vial was then allowed to remain filled with 
this suspension and set at this height, the right-hand vial being used for both 
the standard silver chloride suspension and the unknown suspension from the 
wash water. The left-hand suspension thus served the same purpose as a 
counterpoise on a balance when weighing by the method of substitution. 

(b) The right-hand vial was then filled with the suspension prepared 
from the wash water as described below, and the reading taken. 

(c) Lastly the right-hand vial was filled with a standard suspension of 
silver chloride prepared in precisely the same manner, and its reading taken. 
The relation between the unknown suspension and the standard was then 
easily calculated, or read from a nephelometric curve, drawn as described 
below. 

Fairly accurate results may be secured by assuming that the concentra- 
tions are inversely proportional to the readings but it was found more exact to 
take the readings on a series of suspensions of concentrations ranging from 
five times that of the standard to one fifth its value ; then from these to con- 
struct a nephelometric curve, plotting readings against concentrations of 
silver chloride. The concentration of an unknown silver chloride suspension 
could then be found as soon as its reading had been determined. 

The comparison suspension was prepared by shaking infusorial earth 
with distilled water, allowing it to stand from 5 to 10 days, and siphoning off 
the top liquid. This was freed from dissolved air by warming to 40® C, then 
shaking vigorously in a suction flask under good vacuum for 3 to 5 min. No 
trouble was then experienced with accumulation of air bubbles in the top of 
the tube. 

The standard silver chloride suspension with which the unknown solu- 
tions were compared was made by taking 


5 cc 

0.0001 Molar 

AgNO, 

3 cc 

I Molar 

HNO, 

3 cc 

I Molar 

NaCl 


These were mixed and diluted to a definite volume so as to produce a suspen- 
sion of the same order of concentration as that of the unknown. The precipi- 
tate was fully developed by heating to 40® for 30 min. as recommended by 



8o 


WILLIAM D. HARKINS AND T. H. LIGGETT 


Lamb^ and his co-workers. It was then re-dissolved with i cc 15N NH4OH, 
re-precipitated with HNO3 heated at 40® for 30 min. as before, cooled and the 
reading taken. Richards^ has called attention to the necessity of this re-pre- 
cipitation in order that the precipitates in both unknown and standard may be 
formed by similar chemical reactions. 

All water used in the solutions and suspensions was of conductivity 
grade, freshly distilled and carefully protected from dust. Tests on some 
water of the same grade which had been kept in storage bottles for several 
weeks showed a considerable opalescence. The water for each set of deter- 
minations was therefore tested to make sure that its opalescence was negligible. 

Since close checks in setting a nephelometer are diflScult to obtain, several 
readings were always taken and the average used. 

The results of one series of determinations, with conditions as in the 
regular analysis, are given below. 


Serial No. 

Average 

Reading 

Ratio to Standard Suspension 
0.25x10-* Molar AgCl 

Grams AgCl in 
175 cc Wash Water 

W8 A 

28.5 

0.898 

0.000 056 

W8 B 

300 

0853 

0.000 054 

W 10 

26.4 

0.970 

0.000 061 

W II 

24.6 

1 .041 

0.000 065 

W 12 

31-9 

0.830 

0.000 052 

w 13 

35-4 

0.748 

0.000 047 


These results are in good agreement with the gravimetric method first used, 
since the difference between the two methods would affect the atomic weight 
only slightly in the third decimal place. 


7. Tests for Bromine and Iodine 

Tests for bromine and iodine were made on both the diffusion fractions 
and the solutions and mother liquors obtained in the various purifications of 
the chlorides used in this work, but neither element could be detected. For 
iodine the nitrous acid test and the nitrosyl sulfuric acid test were used. With 
nitrous acid, especially when starch was used as an indicator, the presence of 
i/ioo mg. of iodine in 0.8 g. of potassium chloride could easily be detected. 
The test for nitrosyl-sulfuric acid seemed to be equally sensitive when made 
upon potassium iodide alone, but for the detection of a small amount of iodine 
in a large amount of potassium chloride the nitrous acid test was more sensitive. 

The best test for bromine which was tried was that with chlorine water 
and carbon disulfide. The sensitiveness was found to be i/io mg. of bromine 
in i-g. of potassium chloride. The results of this test were negative in all cases, 
even when the mother liquors were used. 

It should be remembered that although iodine and bromine were thus 
found to be absent, all of the material used in the atomic weight determinations 

J. Am. Chem. Soc., 42 , 251 (1920) 

J. Am. Chem. Soc., 29 , 623 (1907) 
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was subjected to several different processes, any one of which would have 
been sufficient to remove either or both of these elements if they had been 
present. 

8. Atomic Weight of the Isotopic Chlorine 

The method used for determining the atomic weight of the isotopic 
chlorine obtained from the heavy fraction of the diffusions, was essentially a 
comparison with the atomic weight of ordinary chlorine as assumed with a 
value of 35.46. An atomic weight of 35.459 corresponded with the purity of 
the silver used as 99.967%, so this value was used in the tables below. 

Table i. Atomic Weight of Isotopic Chlorine 


Units In« 
fircase 


Dif. 

fus- 

Silver 

AgCl 

Ratio 

Atomic 

Aver- 

Cut 

over Or- 
dinary 

Total 

Effici- 

ion 

Taken 

Obtained 

Ag : AgCl 

Weight 

age 


Chlorine 

ency 

I 

1 .05896 

1. 40714 

I .328794 

35-470 

35.471 

20 

0.012 

43% 

2 

0.98209 

1 .08664 

1.30500 

1.44409 

1.328798 

I .328949 

35-471 

35-487 


400 

0.029 

5 t% 

3 

0.84085 

0.83386 

T.11745 

1 . 10826 

I -328953 

1 .329072 

35-488 

35-500 

35-488 

8000 

0.044 

51% 


0.98187 

1 .30502 

I .329117 

35-505 

35 -.503 





(b). Ordinary Chlorine. 


1.0809s 1.43631 1328748 35-465 

1.07361 I 42648 1.328676 35.458 

I. 21695 1.61697 1.328707 35 461 

1.14899 1.52662 I. 328663 35.456 

1.11777 1.48517 1.328690 35.459 

35-459 

It will be noted that the percentage efficiency of the diffusions was nearly 
constant, being 51% at the end of both the second and the third diffusions. 
The apparent lower efficiency of the first diffusion is probably not real, since 
an atomic weight higher by 0.002 unit would have given its efficiency a value 
of 50%. The increase in the atomic weight caused by the first diffusion is so 
small as to make the calculated efficiency extremely sensitive to very slight 
errors in this case. The theoretical increase in atomic weight is given by the 
equation of Mulliken and Harkins: 

M = 0.022 logioC 

9. Summary 

I. By a cut of 8,000 the atomic weight of chlorine was increased by 
0.044 unit. The process used was the diffusion of hydrogen chloride into air 
through a membrane of porous porcelain. In a process of separation which is 
100% efficient the increase of atomic weight should be 0.086 unit, so the effi- 
ciency of the actual separation was 51 %. This agrees well with the efficiency 
of 60% obtained by Harkins and Broeker in a separation announced in Febru- 
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ary 1920, especially since church- warden pipe stems were used as the porous 
membrane in both cases; and is higher than that of 35% obtained by Harkins 
and Hayes, who used a material with larger pores. 

2. The efficiency obtained in a cut of 400 was also 51%, which is in 
perfect agreement with that for a cut of 8,000. Such an agreement could not 
be attained unless the process described had actually separated the isotopes, 
since the material separated after each diffusion was purified before the next 
diffusion was begun, so impurities could not have such a constant effect. 

3. The atomic weights were determined by the method of precipitation 
of the chlorine as silver chloride, and are in good agreement with those ob- 
tained in independent separations by Harkins an(J Broeker and Harkins and 
Hayes, who used a density method for the atomic weight determinations. 

4. The experimental work here reported was begun in 1917 in order to 
give support to the “Whole Number Rule” of Harkins and Wilson. The 
element chlorine was chosen because its atomic weight differs more from a 
whole number than that of any light clement, so it was considered that a 
considerable amount of the heavier isotope would be present mixed with the 
isotope of atomic weight 35.0. 

Chicago, III., 

Sept. SI, loss. 
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The Chemistry of Leather Manufacture. By John Arthui Wilson. 28X16 cm; 
pp. 348. New York: The Chemical Calalny Co., 1928. Price: $5 (X). — “Raw skin is readily 
putrescible in the wot state. Upon drying, the collagen fibers become glued together and the 
skin becomes very stiff. Although th(‘ dried skin wdll not putn'fy, it again becomes putre- 
scible as socm as it (iomes into contact with water. Thousands of years ago the discovery 
was made that the properties of skin substance change completely when the wet skin is 
brought into edntuct with the aqueous extract of those forms of plant life which have since 
come to be classed as vegetable tanning materials Tlie action which brings about this 
change of properties is known as vegetable tanning and the compound of skin protein and 
tannin as leather. Under normal conditions, the fibers of leather do not glue together upon 
drying and they are not jmtrescible even in the wet state. . . . Two conditions may be 
accepted as cssimtial to successful tanning' the first that the natural physical structure of 
the skin shall be changed but very little; the second that the degree of tannage shall be as 
nearly uniform as possible throughout the skin. The second condition, in a large measure, is 
essential to the first," p. 240. 

“It has often been su[)]iosed that the tanning action consists of a coating of the skin 
fibers with tannin; but observations of sections under the micro.scopt* indicate that this is 
not the case. The outer surfai’es of the skin act. as filters, jiernutting only the soluble matter 
to pass into the interior, w'here it subsequently diffuses into the substance of the fibers, 
wdiich assume a uniform color throughout w'hen tanning is finally complete. In finished 
leather, contrary to wdiat seems to be the general belief, we find no (‘oating of the surfaces of 
the fibers nor any material precipitated in the spaces between them," p. 256. 

“The simplest theory of chrome tanning is that it consists of the combination of 
chromium and collagen, forming a series of salts that might be called collagenates of chrom- 
ium. From this chemical theory, there are theories of many shades and kinds all the way 
dowm to the assumption that chrome tanning consists of a precipitation of colloidal chromic 
oxide upon the surfaces of the skin fibers. 

“In following chrome tanning by means of the microscoiie, the author has observed 
the chrome liquor diffuse into the skin and also into the substance of each fiber, but without 
any visible sign of precipitation. \\'hen tanning was complete, each fiber looked like a 
transparent rod of green glass. This is siimlar to the phenomenon observed in vegetable 
tanning. 

“Thompson and Atkin recently attempted to apply the Procter-Wilson theory of 
vegetable tanning to chrome tanning. The electrical charge on the collagen may be accepted 
as positive during chrome tanning and it seemed improbable to Thompson and Atkin that 
combination takes place between positively charged collagen and a positively charged 
chromium ion or complex. In a review of eighty papers dealing with chromium salts, they 
found numerous contradictions on points of importance, but one fact seemed to stand out 
as definitely established. Chromic sulfate exists in solution in two modifications, one green, 
the other violet. At any temperature between 0° and 100° C, a definite equilibrium exists 
between the two forms in solution, the green being more stable at high and the violet modifi- 
cation at lower temperatures. In the change from violet to green by raising the temperature, 
equilibrium is quickly reached, but in the reverse aetiom, following a lowering of the tem- 
perature, equilibrium is reached only after a long time. Thompson and Atkin offered the 
theory that chrome tanning is effected by an anion or negatively (charged colloidal particle 
containing chromium and arising from the green modifi(;ation of chromic sulfate. The 
action should then be similar to that described in the Procter-Wilson theory of vegetable 
tanning," p. 305. 

“The author^s view of the mechanism of chrome tanning is as follows: Although the 
degree of ionization of the carboxyl groups of the protein, in which a hydrogen ion passes into 
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solution, may become extremely small with increasing acidity, it never becomes zero. This 
means that, even if the electrical charge on the protein structure is predominantly positive 
there still remain a relatively small number of negatively charged groups scattered through* 
out this structure. Cr(OH) or ions of a similar nature, diffuses into the jelly composing 
the fibers of the skin and combines with these negatively charged groups wherever encoun- 
tered. Having centralized the electrical charges on each other, both the collagen and chro- 
mium groups become capable of ionizing further, the chromium group giving off another 
hydroxide group and the collagen a hydrogen ion. With a repetition of this process, all 
three bonds of the chromium become united directly with the collagen structure. The funda- 
mental assumption underlying this view is that however small may be the concentration of 
negatively charged groups in the collagen structure under the conditions of tanning, it is very 
much larger than would result from the dissociation of the chromium compound of collagen. 

^This theory is not antagonistic to the Proctor- Wilson theory of vegetable tanning, 
but actually supplements it. In vegetable tanning, the tannin probably attaches itself t^o 
the amino or other basic groups of the protein structure; in chrome tanning, the chromium 
attaches itself to the carboxyl or other acid groups. This is corroborated by the fact that 
chrome tanning apparently does not lessen the capacity of the skin for combination with 
vegetable tanning materials, or vice versa. Wood found that plates of gelatin tanned with 
chromium were capable of combining with as much tannin as before the chrome tanning, 
suggesting that the chromium and tannin are not attached to the same groups in the protein 
structure. This is not in accord with the Thompson-Atkin theory, in which both chromium 
and tannin would be attached only to the positively charged groups of the protein. That 
the collagen undergoes a chemical change in chrome tanning is proved by the fact that it 
loses its property of being convertible into gelatin by contact with boiling water.^' p. 308. 

“Ever since chrome tanning was first introduced, the relative merits of chrome and 
vegetable tanned leathers have formed the subject--matter for debate. Too often, however, 
the attempt was made to compare a poor grade of one kind of leather with a good grade of 
the other, without taking into consideration differences in the original skins and in the 
methods of manufacture of the leathers. Since the resistance of a leather to tearing, for 
example, is a function of the grease content, the moisture content, and the extent to which 
the thickness of the original skin has been reduced by splitting, any comparison between 
two kinds of leather must take all of these factors into consideration. There are, however, 
certain differences between chrome and vegetable tanned leathers that are incontrovertible 
and more or less independent of the details of manufacture. These only will be considered 
in making the comparison,” p. 300. 

Photographs are given of vertical sections of vegetable and chrome tanned leathers 
made from the same skin. After bating, the skin was cut into halves along the line of the 
back bone. One half was tanned with chrome liquor and the other with vegetable tanning 
materials. When finished, each leather represented an cx(;ellent specimen of shoe upper 
leather of its particular kind. 

“The outstanding difference in appearance is the much larger size of the fibers of the 
vegetable tanned leather. In the chrome tanned leather, the fibers are thin, as in dried, raw 
skin, but in the vegetable tanned leather, the fibers have grown to such an extent that they 
almost completely fill the interfibrillary spaces. But this difference in size of the fibers is 
only what one would expect from the fact that 100 grams of skin protein combined with 
57.0 grams of tannin, in the case of the vegetable tanned leather, as against only 7.2 grams 
of chromic oxide, in the other. This difference is responsible for the greater weight and solid- 
ity of vegetable tanned leather. Either leather can be made tough and as soft as desired by 
the introduction of a sufficient amount of oil, but the vegetable leather is capable of absorb- 
ing a much greater quantity of oil without becoming raggy. By comparison with the vege- 
table leather, the chrome leather feels empty. 

“Another outstanding difference between the two kinds of leather is the relatively 
high sulfuric acid content of the chrome tanned leather compared to the negligible amount 
present in the vegetable leather. This particular sample of leather showed by analysis 6.65 
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grams of sulfuric acid per 100 grams of skin protein, which is typical of leathers of this type 
on the market. It should be recognized, however, that this sulfuric acid is not entirely free, 
but is combined either with the chromium compounds or with the skin iirotein. Only a 
trace of acid is free at any time, but us soon as this trace is removed by washing with water, 
more is immediately liberated by hydrolysis. 

“Attempts to free chrome leather from sulfuric or other mineral acid, without 
damaging the leather in some way, have not been successful, so far as the author is aware. 
Reducing the content of sulfuric acid much below that normally occurring in chrome leather 
seems to cause brittleness, although the cause of this is not known. In making comparative 
tests, the author has always found shoes made from vegetable mu(;h more comfortable, 
especially on long walks, than shoes from chrome leather and has attributed at least part of 
this dilference to the hydrolyzable sulfate present in the chrome leather. 

“The rise of chrome tanning has been favored by its speed and comi)arative simpli- 
city. The manufacture of vegetable leathers requires a much longer time and more labor. In 
the manufacture of light leathers, not sold by weight, tanners have naturally preferred to 
switch to the quicker method of tanning with chromium salts, although some of the best 
grades of upper leather are still tanned with vegetable tanning materials. In the manufacture 
of heavy leathers, sold by weight, tanners have been forced to adhere to the older method of 
vegetable tanning in order to get profitable yields. Incidentally, the aiithor believes that 
they also get better leather,” p. 300. 

Chrome tanning can be reversed by the action of Rochelle salt (potassium sodium 
tartrate). “The fact that Rochelle salt will dissolve precipitates of (jhromic hydroxide led 
Procter and Wilson to suspect that it might have the power to decompose chrome leather. 
They soaked a piece of fully tanned leather in a normal solution of Rochelle salt over night 
and found, ne)ct day, that it would not stand the boiling test. But after washing.and soaking 
in fresh chrome liquor, containing no Rochelle salt it soon became tanned again. It was 
found that chrome leather can be detannized by Ro(‘helle salt solution and then again in 
fresh chrome liquor repeatedly, showing that chrome tanning is a reversible action, under 
certain conditions. 

“The extent to which chrome leather can be freed from chromium by Rochelle salt 
was shown by soaking a piece of (ihrome leather in a normal solution of Rochelle salt for 
two weeks. The solution was colored a deep green and the skin, after thorough washing, was 
found to be practically free from chromium and resembled a i)iece of bated skin. Upon 
heating with pure water, it was gradually converted into gelatin and the solution set to a 
firm jelly upon cooling. This work has since found application in preparing chrome leather 
wastes for manufacture into glue and for the stripping of the chrome from the surface of 
leather to be retanned with vegetable tanning materials,” p. 297. 

Two of the processes preceding the actual tanning are unhairing and bating. “What 
is probably the oldest method known for unhairing skins received the name sweating from 
the nature of the process in its more highly developed state It consists of little more than 
the putrefaction of the cells of the Malpighian layer. Since it is only necessary to allow a 
fresh skin to remain for a day or two in a warm, damp place to cause a loosening of the hair, 
the method was probably discovered very early in the history of the human race. It is not 
improbable that the accidental discovery of this action first revealed to the ancients the 
advantages of unhaired skins for certain purposes. 

“Because of the danger of serious damage to the skins in the sweat chambers, 
unless the proecss was very carefully watched and controlled, it ceased to be popular for 
the best grades of skins after safer methods of unhairing were devised. It is still in use in 
some tanneries for the lower grades of skins, such as the cheaper classes of dried hides and 
sheep skins where the wool is valued more highly than the skin,” p. 151. 

“The commonest method in use today for effecting the separation of the epidermal 
system from the true skin is also one of ancient origin and is known as liming from the fact 
that saturated lime water is used. Formerly a lime liquor was prepared simply hy filling 
a vat with water and adding calcium hydroxide greatly in excess of saturation. The skins, 
after soaking, were put into this liquor and allowed to remain there until the hair and 
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epidermis had become so loosened that they could be rubbed off with very little pressure. 
Often the skins were removed each day and fresh lime added in order to hasten the action. 
But with a fresh lime liquor it usually required weeks for the skins to get into a state where 
the hair would slip easily. It was discovered that less time was required for each succeeding 
lot of skins passing through a given liquor. The longer a liquor was used the more it became 
charged with ammonia, other protein decomposition products, bacteria, and enz3rmes, all of 
which assisted in loosening the hair. The older liquors, however, attacked the collagen 
fibers to a greater extent and also produced less swelling of the skin proteins than fresh 
liquors, p. 156. 

“It was suggested by the author that barium and calcium hydroxides hydrolyze 
proteins to a lesser extent than the hydroxides of sodium or ammonium because of the higher 
valency of the cations. The swelling of proteins in alkaline solution is due to the pull of the 
cations of the protein salt, which tend to diffuse from the region of high concentration of ions 
in the jelly to the region of lower concentration in the surrounding solution. If this pull is 
sufficiently great, we might reasonably expect a breaking up of the units making up the 
protein jelly. A sodium or ammonium ion exerts its entire pull upon a single unit, whereas 
the pull of a divalent cation is divided between two units, making the tendency towards 
decomposing the protein only half as great. This valency effect, however, is not the only 
one playing a part in sterile unhairing liquors because the mere replacement of half of the 
hydroxide ions of lime water b^ sulphate ions is sufficient to cause a very marked increase in 
the rate of unhairing. Wood and Law suggested that Schlichte^s observation of the unhair- 
ing power of sterile lime water is further complicated by the formation of stilfur compounds 
by the action of lime on the easily dissolved sulfur of the hair. Such compounds are capable 
of loosening the hair,” p. 163. 

“Apparently anything that will hydrolyze the newly formed cells of the epidermis 
without injuring the rest of the skin is a satisfactory unhairing agent. Lime owes its popu- 
larity to the safety attending its use. Its limited solubility makes it possible to maintain 
a constant hydroxide ion concentration at about 0.03 mole per liter simply by using an excess. 
This concentration is high enough to retard putrefaction considerably and yet not great 
enough to injure the skin itself, since the solute is a diacid base. It is entirely possible, how- 
ever, that the popularity of lime will wane when some of the newer methods of unhairing 
reach a higher stage of development,” p. 172. 

“Perhaps the most curious of all the processes involved in making leather is that of 
bating. Little is known of its origin because it was a secret process, but it is at least some 
centuries old. After the skins are taken from the lime liquors, unhaired, scudded, and washed 
they still contain lime in the form of carbonate and in combination with the skin proteins. 
At this stage they are plump and rubbery and tanners have experienced many difficultie.s 
due to putting the stock directly into certain types of vegetable tan liquors when it was in 
this condition. The object of bating is to prepare the unhaired skins for tanning and origin- 
ally consisted in keeping them in a warm infusion of the dung of dogs or fowls until all 
plumpness had disappeared and the skins had be<Jome so soft as to retain the impression of 
thumb and finger when pinched and sufficiently porous to permit the passage of air under 
pressure. When hen or pigeon manure was used, the process was called bating, and when 
dog dung was used it was called puering, but the term bating is now applied to the process 
generally, regardless of the materials used. The difference in terminology naturally disap- 
peared with the advent of artificial materials,” p. 173. 

“After examining hundreds of sections of skin taken before and after bating, at high 
magnifications and with the employment of a great variety of stains, Wilson and Daub came 
to the conclusion that the removal of elastin is the primary function of bating and that the 
other actions associated with dung bates can all be produced by the simple chemical control 
of the processes other than bating. The falling of the skin, however, always accompanies 
the removal of elastin because the range of pH values over which pancreatin acts upon 
elastin is such as to reduce the plumping of limed skin to the point accepted as a measure 
of the completion of the bating process,” p. 185. 
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The subject is treated under the j;eneral headings: introduction; histology of skin; 
chemical constituents of skin; ionization of acids and bases commonly used in the tannery; 
physical chemistry of the proteins; preservation and disinfection of skin; soaking and 
fleshing; unhairing and scudding; bating; bleaching and pickling; the tannins; vegetable 
tanning; chrome tanning; other methods of tanning; finishing and miscellaneous operations. 

In addition to the passages quoted, the reviewer is much interested in the author’s 
method of estimating tannin, p. 224; in the partial conversion of nontannins into tannins 
during concentration, p. 228; in the effect of pH in determining the fixation of tannin, p. 
276; in the action of neutral salts on the rate of tanning, p. 266; in the effect of neutral 
salts on chrome tanning, p. 293; in alum, iron, silicic acid, and oil tanning, pp. 31 1, 313, 

315, 317. 

In a casual way one is glad to learn that dandruff ‘*is not the result, of a disease; but 
is rather evidence that the epidermal cells are functioning and reproducing vigorously,” p. 
25; also that when the pigment -containing cells in the skins are collected in spots they 
appear as freckles, p. 27; and that ‘‘whtm a hair is shed, after reaching the limit of its exist- 
ence, the epithelial cells left surrounding tlic hair papilla keep on multiplying, and soon 
another hair is formed to rcjilace the one shed. Baldness results from the failure of the 
blood vest-els of the papilla to furni.sh the required nourishment or from the destniction of 
the epithelial cells in some other way. Any serious attemi)t to grow hair on a bald head 
must he accompanied by some means of introducing living epithelial cells into the hair 
follicles, of which there are something like a thousand to the srpiare inch. In other words, 
we cannot grow a crop without seedlings,” p. 31. 

^‘Attached to each hair follicle, just below the sebaceous glands, and extending 
obliquely upward through the derma, almost to the surface, is a bundle of nonstriated muscle 
tissue, known as the erector i)ili muscle. The nerves supplying these muscles are knf)wnasthe 
pilomotor nerves. These muscles contract under the influence of emotions, such as fear, 
surprise, anger, or other disagreeable states, or in resjionse to cold or grazing tactile stimuli. 
Among the c( mmoner visible effects are the roughening of the skin called goose-flesh and the 
effect of the hair standing on end, very pronounced in a frightened cat. 

^‘The real purpose of the elector pili muscles is apparently to protect the body 
against sudden changes of temperature by their control over the operation of the glands; 
they seem to act as effectively as a thermo-couple in a good thermostat. Their contraction 
puts a pressure on the glands which causes the cells to give up their oil to the hair follicle 
and, in the process, the cells are destroyed. The oil is then forced up through the follicle to 
the surface of the skin, where it tends to stop the action of the sudoriferous gtands and the 
evaporation of w^ater from the surface of the skin,” p. 31. 

The fifth chapter, on the physical chemistry of the proteins, is undoubtedly the one 
on which the author prides himself the most and it is certainly the one witli which the review- 
er has the least sympathy. One wonders at ^he naive w'ay in which the author postulates, 
p. 99, that the prediction of results by means of a formula is a proof of the accuracy 
of the assumptions on which the formula is based, especially since he admits, p. 127, that 
one deduces the same formula if one has a substance in tnie solution and a membrane 
through which one of the ions does not pass, or selective adsorption of one ion at a surface. 
He admits also, p. 13 1, that an adsorption formula represents the data for hydrogen ion 
concentration with gelatine nearly as well as his owm foimula; but he concludes, p. 132, that 
‘^adsorption, so far as it pertains to gelatin jellies, is a manifestation of chemical combination 
complicated by the separation of the solution into two phases. We see no reason for looking 
upon adsorption by other materials in any different light. In the case of suspensoids, we 
are dealing with two phases of the solution apparently analogous to those of gelatin systems, 
the film of solution enveloping the particles corresponding to the solution absorbed by the 
jelly.” 

Evidently the author believes that we get carbon with acetic acid of crystallization 
when acetic acid is adsorbed by charcoal. On p. 127 he says that “when gold is dispersed in 
water, the presence of chloride, bromide, iodide, hydroxide ion in concentrations ranging 
from 0.00005 to 0.005 normal has a marked stabilizing effect on the sol produced, and the 
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particles are negatively charged. The effect seems to be due to the ability of these ions to 
form stable compounds with the gold. Fluoride, nitrate, sulfate, and chlorate ions decrease 
the stability of gold sols, which is significant in view of the fact that they do not form stable 
compounds with gold.” 

“According to the Procter-Wilson theory of swelling, when a block of gelatin jelly 
is immersed in a solution of hydrochloric acid, the solution passes into the jelly filling up the 
interstices. Of the ionized gelatin chloride, which then forms, the chloride ions remain in 
the solution in the interstices, while their corresponding gelatin cations form part of the net 
work and are not in solution in the same sense as the anions. In tending to diffuse into the 
outer solution, the anions exert a pull upon the cations forming part of the network, causing 
an increase in volume of the jelly proportional to the pull exerted, so long as the elastic limit 
is not exceeded,” p. ii8. 

“On p. io8 we read that “in alkaline solution the protein ion is negatively charged, 
while it is positively charged in acid solution. In a solution, originally alkaline, in which the 
hydrogen-ion concentration is gradually increased, there must be some point at which the 
protein becomes electrically neutral; that is, where it has an equivalent number of positive 
and negative charges. The hydrogen-ion concentration at which this occurs has been called 
by Hardy the isoelectric point of the protein. The isoelectric point of gelatin was found by 
Michaelis and Grineff to lie at a pH value of 4.7 and this value has been repeatedly confirmed 
by others.” 

On p. 1 1 1, we find two isoelectric points for gelatin, one at 4.7 or thereabouts and the 
other at 7.7. If we are to take the definition of an isoelectric point just given gelatine 
should become positively charged beyond pH = 7.7; but that is too absurd. The author 
gets round the difficulty by postulating, p. 1 14, that there is a sol and a gel form of gelatine 
and that 4.7 is “the isoelectric point of the gel form. The appearance of a second point of 
minimum swelling at pH *7.7 seems to indicate that between 4.7 and 7.7 the gelatin passes 
from the gel to the sol form and that the second point of minimum occurs at the isoelectric 
point of the sol form.” 

Of course one cannot expect much of any definition; but it is a very poor one that 
will not last a page or two. If the sol and gel forms have any influence each on the other, as 
one would reasonably expect them to have, then neither 4.7 nor 7.7 is a true isoelectric 
point; but each is merely a compromise point at which the mutual effects of the positive 
gel and the negative sol or of the positive gel and the positive sol produce a minimum of 
some sort. It is hard to make heads or tails out of anything so confused as this. Regardless 
whether the author is right or wrong, he should at least think his fundamental proposition 
through clearly. 

The photographs are marvellous and must have been a labor of love to the author. 
It seems almost unkind to suggest that the work of his hands is more clear than that of his 
head. It is also unfair to do so, because the book is an extremely valuable and important 
one even though we jettison the defective theory. 

Wilder D, Bancroft 

Gelatin in Photography. By S. E, Shepjmrd. Vol. L 22X16 cm; pp. 263, New 
York: D. Van Nostrand Company ^ 1923, Price: $2.20, — This is the first of two volumes 
on gelatine and the less interesting one because chiefly introductory. The four chapters are 
entitled: a history of the applications of gelatin in photography; the manufacture, techno- 
chemistry, and general properties of gelatin; physical testing of gelatin. 

“Gelatin is generally regarded as consisting of glutin and ^chondrin’, of which the 
latter has recently been found to be a mixture of glutin and chondromucoid. Glutin is the 
comparatively pure gelatin; chondrin is the main constituent of glue and poor grades of 
gelatin. A gelatin which can be considered as mainly glutin may be obtained from the 
corium (the sensitive and vascular layer just beneath the epidermis), while chondrin in a 
relatively distinct form is a product of the hydrolytic treatment of various cartilages,” p. 
25 - 
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“In drying gelatin an apparent paradox exists in that the more concentrated a solu- 
tion, the longer it takes to dry ; and conversely, the weaker a solution, the quicker the process. 
The ex]:)lanation of this is as follows: a slice of four percent gelatin weighing 75 grams will 
weigh, when dried, about three grams — that is, 72 grams of water must be removed in drying. 
The first fifty grams of water are readily taken up by the air current; but after this the surface 
of the gelatin sheet hardens to an extent which makes it much more difficult to remove the 
remaining twenty-two parts. 

“Since the more concentrated the solution, the sooner surface hardening or impermea- 
bility will occur, the final stages of evaporation in the concentrated sol are much slower. 
Practically, the dilution at which drying can be effected is limited by the difficulty of spread- 
ing and netting the weaker jellies, and by the available space,^’ p. 29. 

“A considerable differcn(*e of opinion has existed as to the solubility of hair and 
epidermis in lime liquors. Among industrial chemists, solubility is generally accepted. On 
the other hand, biochenusts find that keratin is not soluble in less than twenty per cent 
caustic alkali in the cold. It has been suggested by Seymour Jones that reconciliation of 
these opposing results lies in ihv existence of bacteria and digestive ferments in the unhairing 
baths. His analysis of the aclion is briefly as follows: While digestive ferments have great 
difficulty in rendering adult (dying) keratin soluble, young keratin is readily dissolved by 
pepsin. The Malpighian layer is built up of young keratin cells and it was observed on 
many occasions that the lime solutions appeared to attack the lower layer (rete malpighi) 
first, thus loosening the upper layer in large sheets. On the other hand, Griffiths contends 
that unhairing is a purely chemical process, not involving bacterial agency. This view, 
however, is opposed to the balance of the evidence," p. 62. 

“It may be emphasized here that little is definitely known as to how far the ^stripping’ 
in lime should be allowed to proceed to secure respectively : culinary gelatins, photographic 
gelatins, technical gelatins, and glues. Up to the present, adjustment of this has been 
largely a matter of rule of thumb. Valuable or invaluable as this may be, it appears very 
probable that it should be supplemented by chemical research and control," p. 69. 

“Apart from phy.sical and colloid-chemical cluiracteristics (to be considered later), 
there are certain special requirements for photographic gelatins. They should give (‘lear 
and nearly neutral solutions; the moisture (‘ontent should not be above twenty percent, and 
lower ffir ‘soft’ gelatins; and the ash should not exceed two percent. . . . Bases and heavy 
metals should not be present in more than mere traces, as they are harmful to photographic 
emulsions. Sulphates and chlorides should also be low," p. 1 17. 

“Collagens, especially’' the fibrous type, swell greatly in dilute hydrochloric acid, but 
shrink in concentrated acid. They also .swell in quite weak alkali solutions. They are 
decomposed in the cold by four or five percent solutions of caustic alkali with evolution of 
ammonia, but ten percent alkali carbonate solutions at 40°(^, cause neither sw’elling nor 
decomposition. Heating in weak acid or alkali destroys the gelatin-yielding complex, but 
concentrated neutral solutions do not affect collagens at 4o®C. 

“It would follow from this that collagen is a name for a group of bodies having 
similar properties, but varying considerably, even in composition, fc^ince gelatin and glutin 
are derived from collagen by treatment wdth boiling water, t here should exist as many gela- 
tins as parent collagens Gelatinization of the collagen may be accelerated by acids, 
especially sulphurous acid, by heating under pressure in the presence of alkalies, or bj^ con- 
centrated ammonia solution," p. 134. 

“The osmotic properties of gelatin solutions will be referred to in greater detail later 
(Volume II). Their variability and the indeterminatcncss of molecular weights of colloids 
as deduced therefrom has been especially treated by Moore, who suggests that the range of 
‘solution aggregates’ indicated by these vapor pressure and osmotic pressure results points 
to a physical rather than a chemical complexity of the protein molecule. 

“The possibility of the determination of significant molecular weights of proteins by 
osmotic pressure, etc., methods, may be regarded as revived by the important work of 
Sfirensen on the crystallization and isolation of egg-albumin. Although this will be consider- 
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ed more fully under the physical chemistry section (Volume II), certain conclusions are 
of great importance in the present discussion. Sorensen's general contention is that emul* 
soid colloids such as gelatin, albumin, etc., are better defined by differences in degree of 
reactivity of the dispersoid (dissolved) phase with its dispergent (solvent) than by dispersity 
(mechanical subdivision). Hence emulsoid solutions resemble true solutions in their 
behavior, which follows the Phase Rule when the number of the components is rightly 
chosen. The successful outcome with egg-albumin is no doubt due largely to the possibility 
of purification by recrystallization as it is nearly ash-free, and free from certain less deter- 
minate congeners (mucin, con-albumin). 

“On the other hand, the exact determination of the conditions of crystallization with 
this colloid can probably be extended to other proteins. An important result with regard 
to osmotic pressure is the following. An egg-albumin solution of a given composition has a 
constant well-defined osmotic pressure, the magnitude of which is dependent upon the egg- 
albumin concentration, the ammonium siilphatc concentration, and the hydrogen-ion con- 
centration, according to definite laws. The osmotic pressure of an emulsoid solution thus 
definitely defined is as definite a quantity as that of a crystalloid solution of definite com- 
position. 

“These conclusions are not necessarily incompatible with the solution-aggregate 
hypothesis. The definite osmotic pressure, in the foregoing, would correspond to a definite 
solution-aggregate, but the magnitude of this aggregate would be determined by definite 
chemical (valency) forces, rather than indefinite physical forces — such as those implied by 
the vague concepts capillarity, internal pressure, etc. Again, crystallization is not necessar- 
ily the expression of chemical individuality. If the electrostatic neutralization of charged 
ions can form a regular space lattice, a crystal will be formed, but need not correspond to 
chemical molecular integration. This question will be taken up again in discussing the 
physical chemistry of the gel condition, as also will be the theses of Pauli, Procter, and Loeb 
in regard to the stoichiometric nature of gelatin reactions with acids, bases, and salts, and 
their dependence upon hydrogen-ion concentration. Provisionally, the most probable 
^combining weight’ of gelatin may be taken as 840, while the ^molecular weight’ is uncertain,’’ 
p. 148. 

While the text is written for the most part in a rather unexpectedly simple and clear 
manner, there are places, pp. 184, 187, where the reviewer fails to grasp much more than the 
single words. The author discusses, p. 184, the “ general cycle, carrying the simple molecu- 
lar constituents of the earth’s atmosphere and soil through the stages of relatively free 
elements and complexly united proteins, and back to the simple molecular stage. . . . 

“The essential link is photochemical synthesis, to which it may be suspected all bio- 
chemical (enzyme) reactions can be reduced in principle, — i.e., actual reactions, to distin- 
guish from ordinary thermochemical reactions which should be properly termed black radia- 
tion reactions (Perrin). The other aspect is the occurrence of the synthesis by colloids in 
colloids, and persisting in colloids. Now, just as laboratory organic chemistry has not, for 
excellent reasons, accomplished its synthesis from the biocentric standpoint, by biochemical 
methods, so laboratory colloid synthesis has, for the most part, drifted from a chemical to a 
mechanical conception of colloids. In particular, the chemist has, with reason, regarded 
them as interfering with the progress of chemical reactions, while in vital synthesis the main- 
tenance of colloid condition is both the means and the end. Hence, just as Cross and Bevan 
complain that organic chemists see nothing more in cellulose, etc. (biocolloids), than a 
polyanhydride of glucose, in proteins than a polyanhydride of amino-acids, so colloid 
chemists are coming to regard no colloids as more than mechanical sub-divisions of phase. 

“These purely chemical and purely mechanical approximations are no doubt of much 
use, and correspondingly true. There is, however, a gap which is ot the greatest importance 
in the case of biocolloids. That is, how, in biocolloid synthesis and catalysis, is the essential 
eodrdination of chemical condensation and mechanical dispersion regulated and main- 
tained?’’ 

That is a little hard reading; but the climax is reached in the criticism of the organic 
chemical view of protein, p. 187. “All in all, it appears that in a purely arbitrary judgment 
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which has decreed that the basis for color and selective absorption of lip;ht of organic com- 
pounds should be sought for in characteristic groups, (chroinogens, chromophores and 
auxochromes) and constitutional arrangements of atoms — in structural chemical bases, — 
while the grounds for colligation (tenacity) and selective adsorption (adhesion) of matter in 
other organic compounds should not be sought for in characteristic groups (collogens, col- 
lophores and auxocolls), but brushed aside as purely physical or mechanical in origin. 
Actually, they are measured, no doubt, as physical or mechanical quantities,— as jelly 
strength (tenacity, etc.) and surface tension. But precisely the same is true of color and 
selective absorption. 

‘^Now, inversely as modifications of the static chemical theories of color by considera- 
tions of physical electronic theories and dynamic isomerism are being forced on the chemist, 
so modifications of the physical or mechanical theories of cohesion and capillarity arc being 
injected by chemists into the haphazard domain of molecular physics. 

“This new departure, remarkable because experimentally founded and quantitatively 
expressed, gives aid to the view that in the colloidal condition there is not only mechanical 
subdivision but at the same time enhancement of the residual affinities of every atom and 
potential atom group, and it is precisely this far-reaching and deep-seated dissolution of 
molecular bondage which allows both tin* physico-chemical activity and the structural 
chemical inertia of colloids. The true antithesis is not between crystalloids and colloids, 
which are indeed continuous, but between crystals and organisms, and the cycle which an 
atom can undergo could or should be represented in its main features by a closed hysteresis 
cycle, in which crystallization would be equivalent to disorganization. Actually, laboratory 
colloids and biocolloids tend continually, through all changes to increase of entropy (reduc- 
tion of motivity) and crystallization, or, at least, segregation of definite chemical compounds 
and physical phases. This has been inverted to the point of (considering colloids as essential- 
ly dispersed systems of ultramicroscopic droplets or crystalloids. Yet this extreme view is 
not entirely incompatible with the counter-theory just discussed, for it is expressly argued 
by the supporters of the dispersion theory that “the surface layer of crystals consists of 
relatively un(;odrdinated molecules and atoms with greater free energy.'' Xow, as the 
crystal diminishes to ultramicroscopic dimensions, its surface increases relatively to its 
volume, so that for the postulated super-ultramicroscopic crystals of emulsoid colloids this 
‘true crystalline’ part would be an approximately negligible amount — particularly in mvo^ 
though tending to increase in vitro.'' 

Wilder D. Bancroft 


A Dictionary of Applied Physics. Edited by Sir Richard Glazebrook. Vol /. 
2SX17 cm; pp. ix~\-W67. Neir York and London: The Macmillan Co., 1922. Price: 
$15.00 per volume. In the preface the editor says: “During the past twenty-five years the 
applications of Physics to Industry have grown enormously. The National Physical Labor- 
atory was opened in iqcx), while Universities and Technical Colleges have multiplied, and 
recent years have seen the growth of the Department of Scientific and Industrial Research, 
with its Research Associations in many fields, its studentships, and its skilled Research 
workers. Meanwhile, the results of the labours of the past are, for the most part, scattered 
in the Proceedings of learned Societies or stored in the brains of the active workers to whose 
efforts they are due. 

“To find out what are the latest methods of Calorimetry, what exactly is known about 
the laws of Friction, how far has the theory of the Steam Engine advancjcd, what are the 
principles on which methods of accurate gauging or of the determination of the many factors 
which^ome into the lay-out of a big electrical plant, the design of a Dynamo, or the methods 
of Pyrometry are based, means a long search in Libraries and, not infrequently, a futile 
journey to some place where it is hoped the wished-for information may be found. 

“The Science of Aeronautics, the Design of Optical Instruments, the Methods of 
Metallurgy, the Construction of Clocks, Telescopes or Microscopes, the Laws of Music and 
Acoustics are aU based on Physics. 
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^The manufacturer who is concerned with these and, indeed, with coimtless other 
subjects must know, not perhaps all that has been done — that would be too heavy a task — 
but where he may find the latest and most accurate information on the subject with which 
he is mainly concerned. This it has been the object of the Dictionary of Applied Physics to 
give. Applied Physics is a wide subject and the task has been a heavy one. 

“The Dictionary will appear in five volumes of 800-1000 pages each, and, as will be 
seen from the names of some of the principal contributors, the Editor has been fortunate in 
securing the help of those most competent to write on each subject. His thanks are due, in 
the first place, to those coUeagues, without whose cordial help the Dictionary could not have 
been produced. He is also indebted to a number of Scientific Societies whose Councils have 
allowed use of illustrations from their Proceedings to be freely made. Among these should 
be mentioned in particular the Royal Society, the Institution of Mechanical Engineers, and 
the Institution of Electrical Engineers. The same help has been readily afforded by a num- 
ber of Publishers. 

“It is clear, that, with so large a range of subjects, any individual worker will, prob- 
ably, be concerned mainly with one branch, and, with this in view, the volumes have been 
arranged, as far as possible, in subjects. To obtain information as to the latest advances of 
Applied Electricity it will not be necessary to purchase the sections of the Dictionary dealing 
with Aeronautics or Meteorology. The arrangement in each volume is alphabetical, but, 
at the same time, it has been thought best to deal with each main subject — for example, 
the Thermod3mamics of the Steam Engine — ^in a continuous article; references are given, 
each in its own alphabetical position, to the headings of the various sections of an article and 
to the more important subjects which it includes.’' 

The first of the proposed five volumes deals with mechanics and engineering and with 
heat. Among the more important articles are: air-pumps; calorimetry; the principles of 
dynannic similarity; elastic constants; engines; friction; heat; hydraulics; lubrication; 
units of measurement; phase rule; pyrometry; refrigeration; resistance thermometers; 
steam engine; temperature; thermodynamics; thermometry; steam turbine. 

The chemical methods of producing high vacua “have been little practised since the 
discovery of the powerful absorption for gas of charcoal at low temperatures. From the 
discovery of the method by Dewar to the invention of the molecular pump in 1913, it was 
the standard method of producing extreme vacua unattainable by liquid piston pumps. A 
glass or, preferably, silica tube containing a few grams of charcoal is attached to the vessel to 
be evacuated. The charcoal is heated during the preliminary exhaustion of the vessel, 
which should be carried to 0.001 mm. ; the vessel is then disconnected from the pump and the 
charcoal tube cooled in liquid air. If the vessel is large and the highest vacuum is required, 
two or more charcoal tubes may be attached, one being sealed off before the next is cooled," 
P. 23. 

“But the most practically important process of evacuation dependent on the dis- 
charge is that which involves the introduction of phosphonis vapour into the evacuated ves- 
sel. It appears to have been discovered first by Malignani ; it was applied to the evacuation 
of electric incandescent lamps and has been used for the same purpose continuously since 
its discovery. At first it appears to have been thought that the action was chemical, but 
it is now known to be dependent on the passage of a discharge through the mixture of gas 
and containing phosphorus vapour. 

“The exact conditions which determine the disappearance of the gas are still obscure, 
but it may be stated generally that if a discharge is passed through any mixt\ire of gas or 
vapours containing phosphorus vapour the pressure will be reduced more rapidly and to a lower 
limit than it would be if the phosphorus vapour were absent. The gas that has disappeared 
can be restored by heating the walls of the vessel to a temperature at which red phosphorus 
will evaporate. The latest theory of the action is that the gas is deposited on the walls and 
covered with a 'varnish' of red phosphorus produced by the action of the discharge from the 
phosphorus vapour, which prevents the re-evolution of the gas so long as the Varnish' 
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remains; it is also supposed that the exceptional electrical properties of the phosphorus 
vapour are of importance. It is known that sulphur, iodine, and arsenic act in somewhat 
the same way as phosphorus in this matter,” p. 24. 

^‘The general theory of flash-point determination depends on the hypothesis that 
flashing takes place when the spacje above the oil contains a definite percentage of oil vapour 
mixed with air. This condition will be reached for a definite temperature of the oil surface 
from which evaporation is taking place, and it is generally assumed that it is this temperature 
which is given by the thermometer and is the temperature taken as the flash-point. The 
rate of evaporation, however, depends upon the temperature of the surface of the oil, and 
investigation showed that this temperature dilTered appreciably from the thermometer 
reading throughout the course of a determination. Furthermore, the temperature at differ- 
ent points throughout the oil varied by several degrees at any one moment. The temperature 
distribution depended in part on the form and dimensions of the apparatus and on the rela- 
tive amounts of heat reaching the oil from different sources. . . . 

Investigation of the three types of apparatus, namely, the Abel, and the Colonial 
and the German types of Abel-Pcnsky apparatus, showed that the temperature distribution 
in each varied, so that for any definite reading of the thermometer the temperature of the 
surface of the oil was different in each of the three api)aratus. It was further found that the 
temperature of the surface of the oil at the moment when flashing took place was the same 
in each of the three apparatus although the thermometer readings differed; the difference 
in flash-point recorded in the three types of apparatus is therefore completely explained by 
the consideration of the temperature distribution in the oil cups. 

“The general results of the investigation showed that the Colonial type of Abel-Pen- 
sky apparatus gave a flash-point 1° F. higher than the original form of Abel apparatus, 
while the German type of Abel-Pensky gyive results approximately 4° F. higher; further, 
these differences are sensibly constant over the range 7C>°-i<)()° F. Incidentally there is a 
systematic difference amounting to about 0.5® F. (taking the mean values for a large scries 
of observations) between apfiaratus of the same type but fitted with oil and gas test flames 
respectively. As might be expected from the previous remarks, the gas test flame gives the 
lower flash-point the flame .suiiplying more heat to the surface of the oil, wiien adjusted to 
the specified size,” p. 336. 

“The fact that the layer of lubricant manifests static friction proves that it behaves 
under tangential stress like an elastic solid. If it be a fluid when in the mass the effect of the 
attractions of the solid faces, combined with the traction, must therefore be to confer on 
a thin layer both oriimtation of its molecules with respect to the normal, and also solidity. 
The orientation of the molecules spoken of above is due to the fact that the attraction of 
the molecules of the solifl faces is not the same for all parts of a molecule of the lubricant. 
We may suppose, for i /^cance, that the attraction for the -COOH or -Oil group is greater 
than for the remainder of a carbon chain. The orientation of the molecules of the lubricant 
will therefore be greatest at the solid faces and least midway between them, because it tends 
continuously to be upset and give way to the random relations of the interior of a fluid. 
The layer of lubricant, therefore, even if it be only two molecules thick, varies rapidly in 
structure along the nonnal and the peculiar feature of boundary friction is that the stresses 
occur in a medium which is excessively heterogeneous along one axis, namely the normal to 
the solid faces, and homogeneous along the tangential planes,” p. 578. 

Bismuth “is highly crystalline and so brittle that a plate a few millimetres thick can 
be broken like a biscuit. It is readily polished, and in the process of polishing an amorphous 
layer is formed covering the crystal facets which previously were easily visible to the naked 
eye. This amorphous layer — wdiich may be called the Beilby layer — is formed, as Beil by 
showed, by a flowing of the metal, and, like a truly fluid surface, it forms under the influence 
of surface tension. No polishing powder is needed to polish bismuth — the operation can be 
performed by rubbing the metal on the skin of the ball of the thumb. The skin then becomes 
covered thickly with a fine dust of metal, a considerable amount of material being rapidly 
removed from the surface, and the dust is seen under the microscope to be composed of 
spheres each 0.0 1 mm. in diameter. The formation of these spheres can be followed under 
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the microscope. At the edge of the plate the flowing surface of the metal is detached in a 
thin sheet which breaks up into drops under the influence of its own tension. The structure 
of the dust and its mode of formation are therefore complete evidence of the fluidity of the 
surface produced by rubbing,” p. 578, 

“In the early part of the year 1914 an attempt was made to arrive at international 
agreement as to the adoption of a standard or fundamental temperature scale by the three 
national standardising laboratories — viz. the National Physical Laboratory, the Bureau of 
Standards, Washington, and the Keichsanstalt. The outbreak of war prevented formal 
acceptance of the Centigrade Thermodynamic Scale as the ^internationar scale of tempera- 
ture. This scale has been adopted in the meantime at the National Physical Laboratory. 

“Ix)rd Kelvin showed long ago the theoretical advantages of the thermodynamic (or 
absolute) scale, and also that a perfect gas (i.e. one which obeys Boyle’s law and suffers no 
temperature change when subjected to free expansion with no external work) would give a 
scale identical with the thermodynamic. The practical advantage of the thermodynamic 
scale is that the high-temperature scale evaluated on the basis of the laws of radiation is 
consistent with that of the gas-thermometer at lower temperatures. 

“To promote the general use of the same temperature scale in both scientific and 
industrial circles, the following aliernative methods have been agreed to as a means of attain- 
ing a Tractical Scale’ of temperature which approximates to the thermodynamic scale. A 
statement of the exact relationship between the two scales is deferred until a sufficient degree 
of concordance has been reached in the measurements. There is, however, every reason to 
believe that the Practical Scale over the range o® C. to loo® C. agrees within the limits of 
experimental error with the hydrogen scale of the International Bureau of Weights and 
Measures,” p. 835. 

“The steam turbine is an engine or ^prime mover’ working on the same principle as 
the familiar country-side windmill. Instead of a current of air being utilised to rotate a 
shaft by means of 'sails’, a current or blast of steam issuing from a number of fixed nozzles 
is employed to rotate a shaft by means of 'vanes’, 'buckets’, or 'blades’. 

“In the case of windmills the relatively small power obtainable from air, with a rea- 
sonable sail area, and the discontinuity of the breeze, render this type of prime mover of 
relatively little economic importance. With the steam turbine, however, the case is very 
different. Not only is there the convenience of uniform rotary motion produced by a steady 
torque applied to a shaft direct (in common with the windmill), b\it also the unfailing steam 
blast generated with coal or oil fired boilers, and the enormous output obtainable from a tur- 
bine of very moderate dimensions. 

“The economic value, therefore, of the steam-driven rotary engine, or steam turbine, 
has been the incentive to its development to the utmost, and its evolution has been success- 
fully carried out during the last thirty years in the face of all obstacles, mainly owing to the 
efforts of Sir Charles Parsons and his associates, until to-day it is by far the largest and mos 
economical prime mover yet devised. Its efficiency is unrivalled by any other form o 
steam engine. Units of 30,000 to 40,000 horse-power are becoming commonplace in large 
land power stations for the generation of electricity, whilst marine installations reach 
150,000 shaft horse-power in one vessel,” p. 1027. 

Wilder D. Bancroft . 

Some Microchemical Tests for Alkaloids. Part /. By Charles H. Stephenson, 
Part II y Chemical Tests of the Alkaloids used. By C. E. Parker. 23X16 cm; pp. 110-\-28. 
Philadelphia: J. B. Idppincott Co., 1921, Price: $4,00, — Over sixty years have now 
passed since the first pioneer suggested that the microscope could be advantageously em- 
ployed for the identification of the plant alkaloids by taking advantage of the characteristic 
appearances of the free bases and of their salts when caused to separate in crystalline forms 
upon object slides. It was then shown that the secret of success would lie in discovering the 
optimum conditions and so controlling them as to enable the analyst to work under repeat- 
able conditions. 
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The practicability of this method of qualitative analysis was most effectively demon- 
strated by Wormlcy in his classical work — The Microchemistry of Poisons. The mi(;ro- 
scopic identification of plant alkaloids had been employed long before Wormley's reseanrhes 
but had attracted little if any interest among chemists; to Wormley must be accorded the 
credit, therefore, of calling the attention of analysts to the wonderful possibilities of the art 
of microscopic organic chemical analysis. 

No further efforts were made to gather together in book form, the existing data until 
Behrens issued his treatise on the microchemical analysis of organic substances. In the 
course of the discussions in this work he described reactions for thirty alkaloids. Kley’s 
enlarged revision of Behrens’ work (which now includes 50 alkaloids) must be regarded as 
the most thorough, trustworthy, and comprehensive guide we have for the identification of 
the alkaloids by means of the microscope. 

Stephenson’s little book, devoted exclusively to the alkaloids, consists essentially 
of an enumeration of the chcmi(;al reagents which he has found will cause the separation of 
crystalline compounds when added to solutions of different alkaloids under the uniform 
conditions of concentration adopted by him. The book can be justly described as an enum- 
eration only, for the statements contain little information other than the bare fact that a 
certain reagent added to a neutral solution of a given alkaloid (or salt of an alkaloid) does 
or does not yield a crystalline compound upon an ol>icct slide. Occasionally the author 
states whether these crystals polarize but no information is given as to the character of the 
polarization or data as to the more easily determined optical (‘onstants of the crystalline 
bodies. 

A still more remarkable omission is the absence of all chemical facts. Ihe reader is 
told nothing in regard to the chemical nature of the alkaloids discussed nor is there a single 
suggestion as to the probable composition of the crystals which have been caused to form. 
From the viewqioint of the analytical chemist this is a most serious omission since, unless he 
has information relative to the nature of the reaction taking place and as to the probable 
composition of the product serving as the identification compound, a test is of little value 
when applied to substances of unknown composition. This is especially true when a test 
depends entirely upon the appearance of crystals under the inicroscojie. 

Following a short introduction the author gives a bibliography of eighteen titles of the 
more important papers and books wdiich have been published dealing with the microscopic 
reactions for alkaloids. It w^ould have greatly aided chemists if the several excellent works 
on botanical micro-technique (as, for example, Tunmann-Pflanzen-mikrochemie) had been 
included since they all contain much valuable information as to the identification of the 
plant bases in the cells and tissues. 

The author next describes the method of procedure that was adopted, the results of 
which are enumerated in the book. The reviewer believes that few chemists will be willing 
to adopt identical concentrations of substances to be tested and the same strength of reagent 
with each individual alkaloid. Most of us believe that the best results are obtained by 
varying the equilibrium condition in the test drops. The method adopted by the author 
consists of adding directly to a neutral solution of the base to be tested (or its approximately 
neutral solution in dilute hydrochloric acid, if the free base is insoluble) a drop of the solution 
of the reagent. Concentrations of the alkaloids varying between i to 1000 and 1 to 50 were 
employed but- in each individual test the reagent strength remains the same no matter what 
base was being tested for. Such a system insures uniformity of jirocedure, but is scarcely 
good chemistry sim^e no account is taken of the character or of the relative solubility of the 
compound whose separation is desired. In order that a test may be wholly reliable and that 
it may be properly interpreted by the analyst it would appear to be essential that he shall 
be in possession of the nature of the solid phase he wishes to produce and also of the equilib- 
rium conditions under which this phase may be expected to separate in a form sufficiently 
characteristic to assure its recognition. For these reasons the older method of Behrens of 
allowing one drop to flow into another through a narrow channel is to be preferred. 

The alkaloids are listed in alphabetical order, merely. Under each reagent giving a 
crystalline deposit, a very brief statement is made of the general appearance of the crystals 



96 


NEW BOOKS 


and whether they are characteristic or not. Three alkaloids — colchicine, solanine, and 
apocodeine, failed to yield crystalline compounds with all the reagents tried. The results 
obtained with thirteen other alkaloids have not been recorded in the book because the author 
considered them of doubtful purity. 

The results which were obtained have been arranged in tabular form as an insert at 
the end of the microscopic part of the book. This table is most interesting and will prove 
invaluable to all who have occasion to undertake the identification of alkaloids of unknown 
nature after they have been obtained in a condition of approximate purity by any one of 
our standard separation methods. The data here gathered together will also prove a time 
and labor saver to the investigator who may be tempted to enter this intricate, but amazing- 
ly fascinating, field. 

The tests described are supplemented and rendered more easily interpreted by excel- 
lent illustrations consisting of 27 plates comprising 162 photo-micrographs. These plates 
are beautifully executed and represent an unlimited patience, good judgment and a high 
degree of technical skill. 

The second part of the book, pp. 84-105, is devoted to a critical study of the chemical 
reactions of the alkaloids used by Stephenson. The author of this section, C. E. Parker, of 
the Bureau of Chemistry, carefully describes the chemical behaviour of the alkaloids and 
points out their similarity. The usual standard color, odor and precipitation tests are given 
for each alkaloid as also the source of the alkaloid (with the exception of eight) ; a most 
valuable feature, for, although it is a well known fact that certain alkaloids purchased from 
different manufacturers may show marked variations in their chemical reactions, few 
authors state the source of the material upon which they have worked and the reader refer- 
ring to the literature not infrequently finds it difficult to reconcile the apparent discrepancies 
in the descriptions given. 

Part 11 would have been rendered more useful for reference had the same typography 
been followed as appears in Part I. A solid running page with no double spacing between 
topics and no change in type, combined with the absence of an index forces the reader to 
glance over page after page in order to locate a particular alkaloid whose chemical reactions 
he wishes to check. 

The expert will find this book of interest and value, particularly as a guide for the 
development of methods for the examination of impure or complex mixtures, 

E, M . Chamot 


Errata 

In the paper by Dhar and Sen (27, 376), seven lines from top, change 23x10-' to 
23x10-®. 

In the paper by Sharp and Gortner (27, 771), Figures i and 2 have wrong legends. 
Figures la, ib, and ic are graphic representations of the data obtained with flour from which 
the salts had been extracted with water. Figures 2a, 2b and 2c are similar data obtained on 
the unextracted flours. Whenever Fig. i occurs in the text, it, should read Fig. 2 and when- 
ever Fig. 2 occurs, it should read Fig. i. 



A REVIEW 0 ^ THE CRITICAL CONSTANTS OF 
VARIOUS GASES' 

BY S. F. PICKERING^ 

In the following review of the literature on the critical constants of gase*^ 
an attempt has been made to include all of the available data on the more 
common gases and, as far as possible, to select what appear to be the best 
values. 

In each case the reasons for choosing particular values are stated. These 
reasons are necessarily more or less general and future researches may indicate 
that the values selected are not the best. 

It is thought, however, that some such selection should be made because 
the average reader does not usually have the time or facilities for examining 
the different papers himself, and the figures given in even the modern physical 
and chemical tables are often obsolete. Those who are especially interested 
in the subject can use the references for making their own selections. The 
selected results are for convenience assembled in a table at the end of the paper. 

Only the more recent determinations have been critically considered 
because it is thought that the methods of purifying the gases and of making 
the measurements employed by the earlier observers were not sufficiently 
developed to justify their comparison with the more modern methods. These 
determinations involve many experimental difficulties and the technique of 
making them has been materially improved in recent years. 

That the methods and apparatus have not been perfected even yet is in- 
dicated by the fact that in a number of cases, that of acetylene for example, the 
results obtained by recent contemporary observers do not agree. Because of 
these considerations it is often impossible to select values with certainty, and 
when this is the case the uncertainty is indicated in the table by question 
marks. 

In sel(‘cting the best values considerable weight is given to the reputation 
of the observers, such as Onnes and his co-workers, who have made a special 
study of this subject. The laboratories at the University of Leyden are per- 
haps better equipped than any other with both the apparatus and the experi- 
enced personnel necessary for making those determinations which involve low 
temperatures. Cardoso has also published a large amount of careful work on 
this subject. 

The critical temperature of a substance may be defined as the minimum 
temperature above which the substance can not be liquefied no matter how 
great the pressure. In this review the value adopted for the absolute zero on 
the Centigrade scale is —273,1®, this being the value used by most of the ob- 

^ Published by permission of the Director of the Bureau of Standards of the Depait- 
ment of Commerce. 

* Associate Chemist, Bureau of Standards. 
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servers. Recent work seems to indicate —273.2® as the more probable value, 
but it is thought best to retain the former figure to avoid confusion in quoting 
the results of the various investigators until the newer value is more firml}^ 
established. 

If the temperature of a substance is increased towards its critical tempera- 
ture the density of the liquid phase becomes gradually lower and that of the 
saturated vapor phase becomes gradually higher. Near the critical tempera- 
ture the meniscus separating the two phases begins to flatten and finally disap- 
pears when the critical temperature is reached. At this temperature the 
physical properties of the two phases become identical and all distinction 
between gas and liquid disappears. The pressure corresponding to the satur- 
ated vapor pressure at the critical temperature is called the critical pressure 
and the density of the substance at this critical point is called the critical 
density. 

There are two general methods used for the determination of the critical 
temperature of a substance. One method consists in sealing the substance in 
a small glass tube (the tube in which the critical phenomena arc observed is 
often referred to as a laboratory tube) and very gradually raising the tempera- 
ture until the meniscus disappears, after which the temperature is then slowly 
lowered until the meniscus appears again, the critical temperature being taken 
as the mean. Care must be taken that the right amount of substance is in the 
tube in order that the phenomena can be observed; that is, just below the 
critical temperature there must be present both liquid and vapor phases 
occupying preferably equal volumes. This method is not particularly accur- 
rate, especially if the substance contains small amounts of impurities which 
retard the establishment of equilibrium. 

For further discussion of the appearance of the meniscus and the retarda- 
tion caused by impurities, the reader is referred to a paper by Kuenen^ This 
method has the further disadvantage that it does not permit of measuring the 
critical pressure. 

With the other method the laboratory tube is connected to a suitable 
manometer and means are provided for varying the pressure. It is very desir- 
able to provide an agitator, in order to insure equilibrium of the sample. The 
critical temperature is usually taken as that temperature at which a very 
slight decrease in pressure causes the meniscus to temporarily appear until 
the temperature of the substance reestablishes itself. This method is used by 
most of the observers, although in some instances the critical point is deter- 
mined in a somewhat different manner. For example, Onnes determined the 
critical constants of neon and of hydrogen by making a series of pressure 
measurements at constant temperature, the range of these measurements in- 
cluding the range wherein condensation occurs. The volumes of liquid con- 
densed are also determined. A series of such isothermals is obtained starting 
with temperatures slightly below the critical temperature. From these data 


* Kuenen: Comm. Leyden No. 8. 
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the critical temperature and pressure are calculated. Cardoso^ in the case of 
gases other than the so-called permanent gases uses the disappearance of the 
critical opalescence as a criterion of the critical temperature. 

The critical opalescence ac(*ording to Cardoso and others is caused by the 
formation; at temperatures slightly below the critical temperature, of a sort of 
emulsion of the vapor and liquid phases which have approximately the same 
density. These minute drops of liquid disappear at the critical temperature. 
According to an alternativi^ explanation, the critical opalescence arises from 
the unequal distribution of molc^cules 0 (‘curring at the critical temperature. 

At this temperature the velocities of the molecules vary widely, and at 
different points even slightly above the critical temperature there might be 
momentary associations of slowly moving molecules. Because of their slower 
motions, the temperatures of these momentary minute aggregates would be 
slightly lower and while they would immediately be dispersed others would 
form and thus give an opalescent appearance to the substance. According to 
this explanation the opalescence could appear at temperatures above the crit- 
ical, in which case most of (]ardoso\s values for the critical temperatures of the 
more easily liquefied gases are slightly high. 

This question has been discussed quite extensively by various authors' 
but has not been definitely settled as yet. 

Because of the extreme compressibility of substances near their critical 
points, it is very difficult to determine the critical density accurately. In fact 
the density of a substance at its critical point is not uniform because the 
pressure varies at different levels. The weight of the substance itvSelf gives 
rise to a slightly greater pressure at the lower end of the container. Grey^ 
states that in a tube lo cm in height containing pure carbon dioxide at its 
critical point there may be a difference of 6 per cent between the densities at 
top and bottom. 

The method for measuring critical densities devised by Cailletet and 
Mathias® probably yields the most accurate results. According to this method 
a series of observations of the densities of the liquid and vapor phases is made 
at different temperatures below the critical temperature and extending nearly 
to it. 

These determinations of densities when plotted graphically against the 
temperature give a curve resembling a parabola. If one then plots a series of 

^ J. china, phys., 10, 491 (19m). 

* Einstein: Ann. Physik, 17 , 549 (1905^ 

Travers and Usher: Proc. Hoy. Hoc. 78 , 247 (1906) 

Young: “Stoichiometry’’, 172 (1908) 

Onnes and Keesom: Cornm. Leyden No. 104 
Young: Phil. Mag., Nov. (1910) 

Smoluchowski; Bull. Ac. des Sci. de Cracovie, Dec., 1907; Ann. Physik, 25 , 205 
(1908); Trans. Roy. Hoc. (London), 212 A, 165, (1912) 

Rothmund: Z. physik Chem., 26, A33 (1898); 63 , 54 (1908) 

Ostwald: Ann. Physik, 4 , 35 (1912) 

Ktister: “Lehrbuch dor physikalische Chemie,” (1907) 

®Compt. rend., 115 , 720 (1892) 

^Compt. rend., 102, 1202 (1886) 
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points representing the means of the densities of the two phases at the same 
temperatures, a straight line is obtained for most gases. This line is called the 
rectilinear diameter of the substance and if the equation of the line in terms of 
the temperature is obtained, the critical density is given by substituting in 
this equation the value for the critical temperature, for at this temperature the 
densities of the two phases become equal to each other and to the mean density. 
The rectilinear diameter therefore intersects the critical temperature ordinate 
at the point designating the critical density. For some gases, particularly 
those having a very high critical temperature, the rectilinear diameter has a 
slight curvature near the critical temperature, but in most cases it may be 
considered a straight line. 

There are several methods for determining the densities of the liquid and 
saturated vapor phases, but their descriptions are rather lengthy and involved 
and so can not be properly included in this paper. These methods have been 


Acetylene 


Date 

To 

abs. 

Pc 

atm. 

do 

Obs. 

1879 

310-15 

68.0 

0.36 

I 

1880 

310* 


1 

2 

1884 

310.10* 

68 o* 

(0.32) 

3 

1897 

308.3s 

61 .02 


4 

1907 

309.6 

61.6 

0.314 

5 

1909 

310. IS 


0.2306 

6 

1910 

308 . 6 

61.5 


7 

1912 

Selected 

3o8.s±.i 

6 i, 65 db.i 


8 

values 

309 ? 

61.6 

0.231 



1. Ansdell: Proc. Roy. Soc. (London) 29 , 209 (1879); Chem. News, 41 , 75 (1880) 

2. Dewar: Proc. Roy. Soc. (London) 30 , 543 (1880) 

3. Dewar: Phil. Mag., 18 , 210 (1884) 

4. Kuenen: Phil. Mag., 44 , 174 (1897) 

5. McIntosh: J. Phys. Chem., 11 , 306 (1907) 

6. Mathias: Compt. ren(^ 148 , 1102 (1909) 

7. Cardoso and Baum^: Compt. rend., 151 , 141 (1910) 

8. Cardoso and Baum6: J. chim. phys., 10, 509 (1912) 

Note: The asterisks placed after some of the values indicate that the particular 
author did not state how the value was obtained. The parentheses indicate that the en- 
closed figures were calculated from other physical properties. 

employed with some differences in detail by Mathias, ^ Amagat,* and Young and 
Thomas,* and good descriptions of the methods and of the critical phenomena 
in general are to be found in Young's ‘"Stoichiometry".^ 

For the critical data of substances not herein mentioned the reader is 
referred to the various tables of physical and chemical constants, such as those 

1 Ann. de Toulouse, 1891 . 

* Compt. rend., 114 , 1093 (1893) 

« J. Chem. Soc., 63 , 1199 (1893) 

< Young: ^^Stoichiometry**, pp. 160-181, (1908). 
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of Landolt and Bornstein. Van liaar^ has published a table containing the 
critical constants of a great many substances including a large number of 
organic compounds. The values are selected from different tables and from 
the results of certain investigators. When one considers, however, the dis- 
agreement between observers regarding the critical constants of the more 
common and more easily prepared substances, it becomes apparent that the 
data in the above mentioned tables are only approximate, coming as they do 
in many cases from the work of single observers. 

The determinations of the critical pressure of acetylene arc quite con- 
cordant but those of the critical temperature differ markedly. 

All of the observers mentioned below prepared acetylene from calcium 
carbide and water. McIntosh purified the gas by washing with sodium hydrox- 
ide and with chromic acid after which the gas was dried with concentrated 
sulphuric acid and phosphorus pentoxide and then solidified. As the mano- 
meter was calibrated to 40 atmospheres only, there is some doubt as to the 
accuracy of the value for the critical pressure. The acetylene was not agitated 
while the observations were being made. 

Mathias after removing phosphine and stibine from the acetylene, dried 
the gas over calcium chloride, passed it through several bulbed tubes main- 
tained at — 79° and then solidified it by means of liquid air. The two labora- 
tory tubes in which the critical phenomena were observed were rinsed out with 
fresh portions of acetylene seventeen times, and evacuated after each rinsing. 
The whole apparatus including the tubes of solidified acetylene, was then 
evacuated to a fraction of a millimeter, after which five portions of the acety- 
lene were evaporated and removed by evacuation. The gas was finally vapor- 
ized into the laboratory tubes and used for the experiments. 

Mathias used Young\s method for making his determinations but gives 
no details. 

Cardoso and Baum^ bubbled acetylene through potassium permanganate 
and potassium hydroxide solutions and dried it with phosphorus pentoxide. 
The gas was then fractionated eight or ten times and introduced into the 
laboratory tube, which had been previously exhausted by a mercury pump. 

Kuenen’s sample contained traces of impurity while those of McIntosh 
and of Cardoso and Baum6 were quite pun*, as indicated by the fact that the 
pressure remained practically constant when the gas was condensed at con- 
stant temperature. 

It seems best, in consideration of the differences between the results of the 
different observers, to take 309*^ as the critical temperature. 

The critical pressure may he taken to be 61.6 atmospheres. 

The method which McIntosh used to determine the critical volume con- 
sisted in introducing the gas into a tube provided with a sealed capillary at the 
top and noting the volume at the critical point. Some of the capillary was 
drawn off by means of a blow-pipe and the volume determined again. In this 


^ Proc. Acad. Sci. Amsterdam, 18 II, 1224 (1916) 
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way several tubes were prepared which were almost exactly filled at the crit- 
ical point. These tubes containing the acetylene were weighed and the crit- 
ical densities calculated. The mean of the values so obtained was 0.3 14. This 
method, however, is inaccurate because of fche great compressibility of the gas 
at its critical temperature and is inferior to the method used by Mathias as 
stated in the general discussion of the determination of the critical density. 

By substituting 310.5®, his own value for the critical temperature, in the 
equation for the rectilinear diameter of acetylene Mathias obtained 0.2306 for 
the critical density. If, instead, 309° is used the critical density becomes 
0.2313. 

Air 


Date 

To 

Pc 

do 

Obs. 

1884 

133 

39 


I 

1885 

about 132.6 

37-37-5 


2 

1896 

132.1 

39 

0.35 (a 

3 

1917 

^32 37 (a 

37 25 (a 

4 


132.47 (b 

37 17 (b 

0.31 (b 


Selected 

values 

132.4 

37.2 

0.35 (a 

0.31 (b 



1. Olszewski: Compt. rend., 99 , 184 (1884). 

2. Wroblewski: Wied. Ann., 26 , 134 (1885) 

3. Witkowski: Phil. M^., 41 , 288 {1896) 

4. Kuenen and Clark: Comm. Leyden. 150b, 1917; Proc. Acad. Sci. Amsterdam 
19 II, 1088 (1917) 

a) “Plait-point”. 

b) “Critical point of contact”. 

Wroblewski observed that near its critical point air behaves differently 
from other substances. This he ascribed to the fact that air is a mixture, 
although Kuenen and Clark believe that the special phenomena which he de- 
scribes were largely due to insufficient mixing. 

It is quite difficult to make determinations of the critical constants of air 
because of the fact that mercury can not be used directly for varying the 
pressure at these low temperatures. In its place the air itself is connected by 
means of a capillary tube to the outside measuring apparatus, and unless 
special care is used the air fractionates to some extent through the capillary 
and leaves the residue richer in oxygen. 

In the case of certain binary mixtures there are, according to Kuenen^ 
two critical points, the ^^critical point of cont^ct^’ and the ^^plait point^\ The 
temperature of the ^‘critical point of contact” corresponds to the critical tem- 
perature of a pure substance as defined in the first part of the paper in that this 
temperature is the highest at which liquid can exist at any pressure. The 
liquid condensing just below this temperature differs in composition from the 

^ Kuenen: Comm. Leyden No. 4, 1892. 
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vapor phase and has a different density. At a somewhat lower temperature, 
the densities of the liquid and vapor phases become equal and the critical 
phenomena appear. This point is called the “plait point”. 

Kuenen and Clark, however, do not make themselves entirely clear in this 
respect, inasmuch as their data and curve indicate that the densities are equal 
at the “critical point of contact” and not at the “plait point”. 

The air was free from water vapor and carbon dioxide. The pressures 
were measured in a closed hydrogen manometer, while two platinum resistance 
thermometers were used for temperature measurements. 

The density determinations were somewhat irregular and are considered 
uncertain. 


Allylene 


Date 

Tc 

Obs. 

1905 

402 6 

I 

1921 

401 .0 

2 

Selected value 

401 



1. Lespieau and Chavanne; Compi rend., 140 , T035 (1905). 

2. Maass and Wright: J. Am. Chem. Soc., 43 , 1078 (1921) 


Lespieau and Chavanne prepared allylene from propykuie bromide and 
alcoholic sodium hydroxide. The precipitate formed by passing the gas 
through a solution of cuprous ammonium chloride was washed and treated 
with warm dilute hydrochloric acid. The allylene so obtained was washed 
with water and dried first over calcium chloride and then over fused potassium 
hydroxide. The gas was then passed through a bulbed tube maintained at 
-~23°C. The allylene was tlnui solidified and any residual gas removed by 
evacuation. A part of the allylene was distilled into another tube and used 
for the determination. The purity of this sample was somewhat questionable, 
especially in view of the fact the purity was checked by measuring the volume 
changes occurring when 2.5 cc of the allylene was exploded with air and the 
carbon dioxide produced was absorbed with potassium hydroxide. The 
critical temperature was taken as th(' lowest temperature of appearance or 
disappearance of an image formed by reflection on the surface of the liquid 
enclosed in a sealed tube. 

The details of the method used by Maass and Wright for the preparation 
of allylene are to be published in connection with another investigation. Ex- 
ceptional purity, however, is claimed for the samples used and preference is 
therefore given to the value obtained by these authors. 

Centnerszwer and the later observers have agreed fairly well on the crit- 
ical temperature of ammonia excepting, peFhaps, Cardoso and Giltay whose 
result is a little higher than the others. 

All of the observers took great care in the purification of their samples and 
there is no one observer to whose work a preference can be given. It therefore 
seems best to average the results for the critical temperature extending as far 
back as that of Centnerszwer. 
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Ammonia 


Date 

Tc 

Po 

do 

Obs. 

1884 

403 I* 

115.0* 


I 

1886 

404.1 

II3.0 


2 

1903 

405-63 



3 

1908 

405.4 



4 

1910 

405.2 

III . 3 


5 

1912 

406.0 

112.3 


6 

1913 

405.3 



7 

1918 

405.4 


0.2364 

8 

1918 

405.4 


0.2362 

9 

Selected value 

405 . 5 

112 

0.236 



1. Dewar: Phil. Mag., 18 , 210 (1884) 

2. Vincent and Chappuis: J. phys., 5 , 58 (1886); Compt. rend., 103 , 379 (1886) 

3. Centnerszwer: Z. physik Chem., 46 , 456 (1903). 

4. Jaquerod: Mem. Soc. phys. gen^ve 35 , 686 (1908). 

5. Scheffer: Z. physik Chem., 71 , 695 (1910). 

6. Cardoso and Giltay: J. chim. phys., 10, 514 (1912) 

7. Estreicher and Schnerr: Z. komprimierte fliissige Case Pressluft-Ind., 15 , 

i 6 i (1913)* 

8. Berthoud: J. chim, phys., 16 , 434 (1918) 

9. Berthoud: Helvetica Chim. Acta, 1, 84 (1918). 

Since the two recent determinations of the critical pressure differ by one 
atmosphere, the whole number nearer the mean is selected. 

Berthoud is the only observer who has determined the critical density. 
He measured the densities of the liquid and vapor phases using the method of 
Young modified by Ter Gazarian^ The value for the densities of the two 
phases when equal was taken as the critical density. 


Argon 


Date 

To 

Pc 

do 

Obs. 

1895 

152. I 

50.6 


I 

1901 

155-7 

52.9 

0 . 509 (a 

2 

1910 

150.66 

47.996 

3 

1912 



0-53078 (b 

4 

Selected values 

150.7 

48.0 

0.52 



1. Olszewski: Trans. Roy. Soc. London 186 A, 253 (1895) 

2. Ramsay and Travers: Trans, Roy. Soc. London, 197 A, 87 (1901) 

3. Crommelin: Coram. Leyden. Nos. ii8a (1910) 

4. Mathias, Onnes and Crommelin: Comm. Leyden No. 131a (1912); Proc. 
Acad. Sci. Amsterdam, 15 , II, 961 (1913); Ann. phys., 17 , 442 (1922) 

a) fromequation 

b) from rectilinear diameter 

The argon used by Olszewski was not sufficiently pure to justify a serious 
consideration of his work in comparison with later observations. Ramsay and 


‘ J. chim. phys., 4 , 140 (1906) 
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Travers obtained their critical pressures from vapor pressure curv(^s as inter- 
polated by the rule of Ramsay and Young' and their cryostat was rather crude. 

Crommelin extracted argon from the air by absorbing the oxygen and 
nitrogen with a mixture of calcium carbide and calcium chloride (method of 
Fischer and Ringe®). It was then purified by passing over the mixture of 
quicklime, magnesium and sodium, recommended by HeriipeP. 

The temperatures were rneasun'd by means of a platinum resistance ther- 
mometer which had been compared with a hydrogen thermometer. Cromme- 
lin did not make an exact determination of the critical constants because he 
suspected that his argon was not pure, but probably contained traces of nitro- 
gen. In addition his cryostat did not maintain sufficiently constant tempera- 
tures. The two values for the critical density were calculated by Crommelin 
by two different methods, the mean being used as the best value. 


Isobutane, Normal Butane 


Compound 

A c 

Pc 

Isobutane 

406 8 

36 -54 

Normal Butane 

426 3 

35 67 


Seibert and Burrell* made the only determinations on the compounds 
isobutane and normal butane. 

Isobutane was prepared by the action, of a zinc copper couple upon 
isobutyl iodide and collected over potassium hydroxide. It was then solidified 
by liquid air and all remaining gases were removed by evacuating. The gas 
was fractionated ten times to remove any normal butane. It was later fraction- 
ated several times at —98°. 

Normal butane was prepared from n-butyl iodide and the zinc copper 
couple, collected over potassium hydroxide and purified by fractionation. 

Each of these gases could be liquefied completely at constant temperature 
without an appreciable increase of pressure. Several other tests indicated 
that they were of quite high purity. 

The critical temperature was taken as that at which no meniscus was 
visible when the volume was constant, but just, appeared when the volume 
was slightly increased. Duplicate experiments never differed by more than 
0.1°. The pressures were measured by a calibrated air manometer. 

The determinations of the critical temperature of carbon dioxide all agree 
remarkably well with the exception of the value given by Sarrau, which was 
calculated from temperature-pressure-volume data. Dewar and C^happuis 
merely give the figures attributed to them without stating the sources. The 

*Phil. Mag. (5) 20, 515 (1885); 21 , 33; 22 , 37 USS 6 ) 

* Ber.,41,2017 (1908). 

* ^^Gasanalytische Methoden,^' 3d Ed., p. 150. 

* J. Am. Chem. Soc., 37 , 2683 (1915) 
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jo6 

direct determinationp of the critical temperature, especially the latest ones, 
indicate that 304.1° can be safely assumed to be correct within 0.1°. 

The earlier determinations of the critical pressure were high. This, how- 
ever, is to be expected considering that equilibrium is rather hard to obtain, 
especially if even slight amounts of impurities are present. 


Carbon Dioxide 


Date 

Tc 

Pc 

(Ic 

Obs. 

1869 

304.2 

73 0 


I 

1876 

304.02 

77.0 

0 30 

2 

i88i 

304.1* 



3 

1882 

(305.1) 

(77.0) 

(0.4395) 

4 

1884 

305.0* 

77 - 0 * 

(0.65) 

5 

1886 



0.46 

6 

1892 

304-45 

72. Q 

0.464 

7 

1894 

304 • 5 



8 

1896 

304.1 



9 

T9O3 

304.05 



10 

1903 

304.08 

72.93 

0 . 469 

II 

1904 

304.22 



12 

1906 

304.085 


0 460 

13 

TQI 2 

304 

72.8s±. I 


14 

Selected values 

304 I 

72.9 

0.460 



1. Andrews: Trans. Iloy. Soc. London, 159 II, 575 (1869) 

2. Andrews: Trans. Roy. goc. London, 166 II, 421) 1876) 

3. Hautefeuille and Cailletct: Compt. rend., 92 , 840 (1881) 

4. Sarrau: Compt. rend., 94 , 718 (1882) 

5. Dewar: Phil. Mag., 18 , 210 (1884) 

6. Cailletet and Mathias: Compt. rend., 102, 1202 (1886) 

7. Amagat: Compt. rend., 114 , 1093 (1892) 

8. Chappuis: Compt rend., 118 , 976 (1894) 

9. Verscnaffelt : Zitt. Versl (1896) 

10. Von Wesendonck: Verb, deutsch Phys. Ges., 5 , 238 (1903) 

11. Keesom: Comm. Leyden No. 88 (1903) 

12. Brenkmann: Dissertations Amsterdam (1904) 

13. Onnes and Fabius: Comm. Leyden No. 98 (1906) 

14. Cardoso and Bell: J. chim. phys., 10, 500 (1912) 


Keesom and Cardoso and Bell agree very well on the critical pressure, 
which may be taken as 72.9 atm. 

The latest value for the critical density is that of Onnes, who gives 0.460. 
This is a correction of Keesom's value of 0.469. The determinations of the 
critical temperature and pressure made by Andrews in 1869 are remarkably 
close to the selected figures. 

The only determinations of which the details have been published are 
those of Cardoso. Neither Olszewski nor Onnes states where he obtained the 
figures which they used in their calculations. 
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C^ardoso prepared carbon monoxide from formic acid and sulphuric? acid 
and passed the gas through potassium hydroxide and phosphorus pentoxide, 
testing for purity in the usual way, by observing the pressure during condensa- 
tion. 


Carbon Monoxide 


Date 

To 

Pc 

(Ic 

01 )s. 

1884 

133-6 

35-5 


I 

1913 

132.0 

35-9 


2 

1915 

134 4 

34-6 

O.3TIO 

3 

Selected values 

! 

134 4 

34-6 

0 3 1 10 



1. Olszewski: Compt. rend., 99 , 706 (1884); Wied. Ann. 31 , 66, 70 (1887) 

2. Onnes, Mathias and Crommelm: Proe. Aead. Sci. Amsterdam, 5 II, 1401 (1913) 
Comm. Leyden No. 134 c 

3. Cardoso. Arch. sci. phys. nat., 39 , 400 (1915) 

Estreicher and Schnerr and Pellaton have made the only recent deter- 
minations of the critical constants of chlorine and their values for the critical 
temperature differ from each other by 0.8°. 

Pellaton prepared chlorine by th(‘ decomposition of gold chloride. Spec- 
ially purified gold was heated electrically to 3oo°(^ in a stream of air to remove 
moisture, and was chlorinated at 200®. The laboratory tubes were* evacuated 
to 0.005 while heated with a Bunsen burner and the chlorine evolved by 
heating the gold chloride was condenscMl in thc'in. 


Chlorine 


Date 

T„ 

Pc 

Cic 

()1)S. 

1878 

421 . I 



r 

1884 

414. I* 

83 -9 


2 

1890 

4IQ.I 

93-5 


3 

1913 

416.3 



4 


417.1 

76.1 

0-573 

5 

Selected values 

4T7 

76 

0 573 



1. Ladenburg: Ber., 11 , 818 (1878) 

2. Dewar: Phil. Mag., 18 , 210 (1884) 

3. Knestach: Ann.. 259 , 100 (1890) 

4. Estreicher and Schnerr: Z. komprimierte flussige Case Pressluft-lnd , 15 , i()i 

(1913) 

5. Pellaton: J. chim. phys., 13 , 426 (1915) 

The tubes were detached with a blow-pipe and the critical constants de- 
termined in the usual way by noting the appearance and disappearance of the 
meniscus. 

The thermometer was calibrated at 100°, 130®, and 154® by means of 
water, chlorobenzene and bromobenzene. 
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The thermostat which was immersed in a second thermostat maintained 
the temperatures constant to o.oi°. 

The above work was very carefully carried out and because the descrip- 
tion of the details of Estreicher and Schnerr’s work could not be obtained, 
preference is given to the values of Pellatin, choosing 417° as the critical tem- 
perature. 


Cyanogen 


Date 

To 

Po 

Obs. 

1884 

3971* 

61.7* 

I 

1910 

401.4 

59-6 

2 

1912 

401.4 

59-75 

3 

1913 

399 65 

58.2 

4 

Selected values 

401.4 

59-7 



1. Dewar: Phil. Mag., 18 , 210 (1884) 

2 . Cardoso and Baum6: Compt. rend., 151 , 141 (1910) 

3. Cardoso and Bauin^: J. chim. phys., 10, 51 1 (1912) 

4. Crommelin (1913). Quoted in Tab. Ann. Int. de Constants et Donnies num^riques, 
Vol. IV, ist. Part, p. 292, 318 

Cardoso and Baum6 prepared cyanogen from mercuric cyanide and mer- 
curic chloride. The gas was dried over phosphorus pentoxide, condensed by 
means of liquid air and fractionated about nine times. 

Near the critical temperature cyanogen changes partly into paracyanogen 
but these experimenters regard the solubility of paracyanogen in liquid 
cyanogen as too slight to change the critical constants of the latter. 

The reference to Crommelin is given in the Tab, Ann. Int. de Constants 
as Proc. Acad. Sci. Amst. 1913, but no such article upon cyanogen appears in 
this volume nor has any reference to work upon this gas by Crommelin been 
found in the literature. 

Cardoso and Baum^'s values are therefore accepted. No determinations 
of the critical density have been found. 

Kuenen, who was the first to make very accurate measurements of the 
critical constants of ethane, prepared his sample by the electrolysis of a con- 
centrated solution of sodium acetate. The gas was washed in sulphuric acid 
and sodium hydroxide solution. It was then passed through fuming sulphuric 
acid, caustic potash, and phosphorus pentoxide, after which it was liquefied 
and distilled. The laboratory tube was provided with an electromagnetic 
stirrer to insure equilibrium. That the ethane still contained traces of impur- 
ity was indicated by the fact that the pressure increased 0.43 atm. when the 
vapor was condensed at constant temperature. No details regarding the 
method used for determining the critical density were given. 

The ethane used by Cardoso and Bell was prepared by two methods, 
namely that of Grignard and that of Frankland and Kolbe. In the former 
method ethyl iodide dissolved in dry ether was slowly added to pure magnes- 
ium covered with ether. The gas was liquefied, then distilled and passed 
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through alcoholic potassium hydroxide, bromine water, and concentrated 
sulphuric acid. This cycle was repeated seven times after which the gas was 
purified from air by nine fractionations. The second method consisted of 
slowly adding ethyl cyanide to sodium wire, the evolved gas being passed 
through potassium hydroxide, sulphuric acid, and finally phosphorus jientox- 
ide. The measurements made upon the ethane prepared by the two methods 
checked very closely. 


Ethane 


Date 

Tc 

Pc 

(Ic 

Ohs. 

1884 

308* 

45 2 


I 

1889 

307 

50 2 


2 

1894 

305-313 

50 j 


3 

1895 

305.3 



•4 

1807 

305 

48.8 



1902 

305 05 

48 43 

0 206 

() 

1013 

305 2±.I 

48 85 


7 

1915 

305 42 

48 13 


8 

Selected values 

305 • 2 

4 ^^ • 8 

0 21 



1. Dewar: Phil. MaR , 18 , 210 ('1884) 

2. Olszewski: Bull, intern. Tacad. sei. Craeovie, 27 (1889); Phil. Map., 39, 210 (189s) 

3. Haenlin: Ann. 282 , 236, 245 (189.1) 

4. Kuenen: Comm. Leyden No. 16 (1895) 

5. Kuenen: Phil. Mag., 44 , 195 (1897) 

6. Kuenen: Phil. Mag., 3, 628 (1902) 

7- C/ardoso and Bell; J. chim. phys., 10, 497 (1913) 

8. Prins: Proc. Acad. Sei. Amsterdam, 17 , 11 , 1095 (1915) 

Prins prepared ethane by electrolyzing a sodium acetate solution. The 
gas was purified by bromine water and a strong solution of potassium hydrox- 
ide, dried over soda lime and condensed by liquid air. Subsequently it was 
dried over phosphorus pentoxide and fractionated by the use of liquid air. 
The disappearance of the discharge in a Geissler tube attached to the appara- 
tus served as a criterion of purity. The details of making the determinations 


Ethyl Chloride 


Date 

To 

Po 

6 h«. 

1859 

457.2* 


I 

1878 

455 -S* 

52.6* 

2 

1884 

463.0 


3 

1886 

455 6 

54 

4 

Selected values 

456 ? 

54 ? 



1. Drion: Ann. chim. phys., 56 , 221 (1859) 

2. Sajotschewsky : Kiewer Univers. Unters (1878) ; Bc'ibl. Ann. Physik , 3 , 741 ( 1 879) 

3. Jouk: J. Russ. Phys. (.^hem. Soc., 16 , 304 (1884); Beibl Ann. Physik., 8, 808 

(1884) 

4. Vincent and Chappuis: J. phys , 5 , 58 (1886) 



no 
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of the critical constants were not stated other than that the Cailletet method 
was used. The values obtained by Cardoso and Bell agree veiy well with those 
of Kuenen and are preferred to the values of Prins because of the care with 
which the determinations were made. 

None of the values for ethyl chloride is reliable. Vincent and Chappuis 
do not state how they prepared their sample and the others merely quote 
their figures. 

Until more measurements are made it seems best to use the values by 
Vincent and Chappuis, taking 456® for the critical temperature. 


Ethylene 


Date 

To 

Po 

dc 

Obs. 

« 

1880 1 

282.3 

S8 

0.36 

I 

1882 

286 



2 

1882 

(274.6) 

(43 • s) 

QO 

3 

1884 

283.2* 

Sio 


4 

1886 



0.22 

5 

1895 

283.0 

SI -7 


6 

1912 

282 .6=h. I 

S0.6s±.i 


7 

1921 

283 .0=fc. 2 



8 

Selected values 

282.6 

50-7 




1. Van der Waals: Beibl. Ann. Physik, 4 , 704 (1880) 

2. Cailletet: Compt. rend., 94 , 1224 (1882) 

3. Sarrau: Compt. rend., 94 , 8^5 (1882) 

4. Dewar: Phil. Mag., 18 , 210 (1884) 

5. Cailletet and Mathias: Compt. rend., 102, 1202 (1886) 

6. Olszewski: Phil. Mag., 39 , 203 (1895) 

7. Cardoso and Arni: J. chim. phys., 10, 505 (1912) 

8. Maass and Wright: J. Am. Chem. Soc., 43 , 1098 (1921) 

The only recent determinations of the critical constants of ethylene are 
those of Cardoso and Arni and of Maass and Wright. 

Cardoso and Arni prepared ethylene from sulphuric acid and ethyl alco- 
hol, passed the gas through two columns of solid potassium hydroxide, two 
bulbs of concentrated sulphuric acid, and dried it ever phosphorus pentoxide, 
after which it was fractionated ten times. 

The ethylene used by Maass and Wright was prepared by the dehydrating 
action of aluminum oxide upon purified ethyl alcohol at a temperature of 
35o°C. The gas was then purified by several distillations, a final purification 
being obtained by distilling five times in a vacuum, the middle portions being 
retained in each instance. The temperatures were measured by a platinum 
resistance thermometer for which an accuracy of 0.2® was claimed. These 
authors, however, do not state how the critical constants were obtained and 
preference is therefore given to the value by Cardoso and Arni, although the 
difference between their observations and those of Maass and Wright is not 
large. 
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The determinations of the critical density are all old values and can not 
be relied upon. 

An accuracy of o.r° is claimed for the value which Onnes gives for the 
critical temperature of helium. The critical pressure given is the lower limit; 
the true value is believed by Onnes to be slightly higher. The critical density 
was derived indirectly from the densities of co-existing liquid and saturated 
vapor by the method described in Leyden Comm. No. 119. 


Helium 


Date 

To 

Pc 

do 

Obs. 

TQTT 

5-25 

2 . 26 

0 066 

T 

1915 

5.20 

2 . 26 


2 

Selected values 

5 • 20 

2 . 26 

0 066 



1. Onnes: (^miin. Leyden No. 124b (1911); Proe Acad. Sci Amsterdam, 14 , 
678 (1912) 

2. Onnes and Weber: Comm. Leyden 147b (1915); Proe. Acad. Sci. Amsterdam, 
18 , 506 (1916) 


Considering the great ilijfficulty in reaching such low temperatures as are 
necessary, it is not surprising that even the recent determinations of the crit- 
ical constants of hydrogen do not agree. 

The first experiment al measurements of the critical constants of hydrogen 
were made by Olszewski in 1895. nsod oxygen boiling under reduced 


Hydrogen 


Date 

To 

Pc 

do 

Obs. 

1882 

(98 . 9) 

(98.9) 

(0.050) 

I 

188s 

(32-7) 

(13-3) 


2 

1895 

38 6 

20.0 


3 

1899 ! 

52 * 

19.4* 


4 

1905 

32.3 

13 4-15-0 


5 

1913 

31-95 

II .0 


6 

1917 

33 - 18 

12.80 

0.0310 

7 

1921 



0.03102 

8 

Selected values 

33 - 18 

12 . 8 

0.0310 



1. Sarrau: Compt. rend., 94 , 845 (1882) 

2. Wroblewski: 8itz. Akad. Wiss. Wien., 91 , (1885); 97 , 1362 (1888) 

3. Olszewski: Phil. Mag., 39 , 202 (1895) 

4. Dewar: Proe. Roy. Soc. (London) 64 , 227 (1899) 

5. Olszewski: Ann Physik., 17 , 986 (1905) 

6 . Bullet Physik. Z., 14 , 860 (1913) 

7. Onnes, Crornmelin and Cath. Proe. Acad. Sci. Amsterdam, 20, 178 (1917) J 
Comm. Leyden No. 151c 

8. Mathias, Crornmelin and Onnes: Comm. Leyden No. 154 (1921); Ann. phys., 
17 , 463 (1922) 
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pressure as a cooling agent but was unable to reach a suflSciently low tempera- 
ture. Upon expanding the gas from pressures of 80-140 atms. he found that 
the phenomenon of ebullition occurred always at 20 atms. Although he ob- 
served that if the initial pressure was 70, 60, and 50 atms., the ebullition 
appeared at a lower and lower pressure, viz., approximately 18, 16, and 14 
atms., nevertheless he chose 20 atms. as the critical pressure. He then, by 
means of a platinum resistance thermometer, measured the temperature 
attained upon expanding to 20 atms. where ebullition occurred, and assumed 
this to be the critical temperature. 

In 1905 he determined the constants by a greatly improved method, 
using liquid hydrogen as the cooling medium. Upon observing the meniscus 
he found that it appeared at 13.4 atm. and disappeared at 15 atm. 

The work of Bulle followed in 1913, but according to Onnes it seems 
unlikely that the temperatures within the apparatus were uniform. 

Onnes^ and his coworkers developed a special cryostat with which they 
were able to maintain very constant temperatures. Because of this improved 
apparatus and also the care with which the work was done, their results are 
probably the most accurate thus far obtained. 


Hydrogen Bromide 


Date 

To 

Obs. 

1896 

364.4 

1 

1910 

364 I 

2 

1919 

362.9 

3 

Selected values 

363 -5 ? 



1. Estreicher: Z. physik. Cherny 20 , 605 (1896) 

2. Estreicher and Schnerr: Z. Komprimierte flussige Gase Pressluft-Ind., IS, 

1 61 (1913); Dissertations Amsterdam (1910) 

3. Moles: J. chim. phys., 17 , 421 (1919) 

They purified their hydrogen by distillation and made carfeul determina- 
tions of a number of isothermals, the temperatures being measured by means 
of a helium thermometer. By connecting the points which gave the beginning 
and completion of the liquefaction, a parabola was obtained and the pressure 
corresponding to the top of this parabola was taken as the critical pressure. 
The corresponding temperature was foimd by extrapolation from the vapor 
pressure measurements immediately below the critical temperatures. 

The heterogeneous parts of these isothermals were accurately parallel to 
the axis, which shows that the purity of the sample was very high. 

The critical density was calculated by means of the law of Cailletet and 
Mathias^ using the density data previously published. 

It is interesting to note how remarkably close Wroblewski^s calculated 
values for the critical temperature and pressure come to the experimental ones. 

^Comm. Leyden No. 154c; Proc. Acad. Sci. Amsterdam, 23 II, 1185 (1922) 

* Comm. Leyden Nos. 127c and 137 
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Moles considers that Estreicher’s earlier value was obtained with a some- 
what impure sample. Moles prepared hydrogen bromide from rnetaphosphoric 
acid and potassium bromide. The gas was liquefied and purified by boiling and 
condensing in small laboratory tubes. 

The value chosen is the mean of the last two determinations and is of 
doubtful accuracy. 

Owing to the fact that hydrogen bromide reacts with mercury, a mercury 
manmeter can not be used to measure the pressures. No determinations of 
critical pressure have been published to date. 


Hydrogen Chloride 


Dat(' 

ri^ 

J- c 

Pc 

dV 

Obs. 

1870 

324 35 

86 


I 

1884 

325 4 * 

86* 

(0.61) 

2 

1886 

324.6 

96 


3 

1897 

325 5 

83 ±i 


4 

1906 

324. Qi. 2 

83 . 6±.4 


5 

IQJO 

324 5 



6 

1912 

324.5=*= I 

85 -S 5 ±T 5 


7 

1913 

324. T 

80 , 49 


8 

Selected values 

324 5 

83 ? 




1. Ansdell: Chem. News, 41 , 75 (1880) 

2. Dewar: Phil, Mag., 18 , 210 (1884) 

3. Vincent and Chappuis: J. phys., 55 , 58 (1886) 

4. Ixxiuc and Saccrclote: C\)mpt. rend., 125 , 397 (1897) 

5. Brincr: J. chirn. phys., 4 , 476 (1906) 

6. Estreicher and Schnorr: Z. komprimierie flussige Case Pressluft-Ind., 15 , 
161 (1913); Dissertations Amsterdam (1910) 

7. Cardoso and Germann: J. chim. phys., 10, 517 (1912) 

8. Drozdowski and Pietrzak: Anz Akad. Wiss. Krakau, 4 , (1913). 

The various observers agree quite well regarding the critical temperature 
of hydrogen chloride, but their results on the critical pressure deviate widely. 

The only criterion of the purity of Leduc and Sacerdote's sample, which 
was prepared from sulphuric acid and sodium chloride, was that of complete 
absorption by water. 

Briner does not describe his method, while the articles by Estreicher and 
Schnerr and by Drozdowski and Pietrzak could not be obtained. 

Cardoso and Germann used concentrated sulphuric acid and pure pre- 
cipitated sodium chloride, and passed the gas through five bottles of concentrated 
sulphuric acid and a tube of phosphorus pentoxide. The hydrogen chloride 
was then distilled ten times, and passed over phosphorus pentoxide after each 
of the first six fractionations. 

The value 324.5® is selected as the most reliable for the critical tempera- 
ture, Because of the great divergence of the values for the critical pressure a 
mean of 83 atm. is selected. No reliable figure for the critical density has been 
published. 
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Estreicher^s first determination of the critical temperature of hydrogen 
iodide was made with a sample prepared by the action of red phosphorus upon 
a mixture of pulverized iodine and water. After the removal of most of the 
iodine vapor with water, the gas was dried with phosphorus pentoxide and 
solidified by means of a mixture of solid carbon dioxide and ether. The re- 
maining iodine was removed by distillation. According to these determina- 
tions which were made in a sealed tube, the meniscus disappeared at 150.7® 
and appeared again at 150.4®. 


Hydrogen Iodide 


Date 

To 

Obs. 

1896 

423 -8 

I 

1910 

423 -9 

2 

Selected value 

423 -9 



1. Estreicher: Z. physik. Chem., 20, 605 (1896) 

2. Estreicher and Schnerr: Z. kompriniierte fliissige Gase Pressluft-Ind., 15, 161 
(1913); Dissertations Amsterdam (1910) 


This value was later checked to 0.1° by Estreicher and Schnerr and con- 
stitutes the only available work upon the critical constants of this gas. 

Scheffer prepared hydrogen sulphide by the action of dilute sulphuric acid 
on a sodium hydrosulphide solution containing barium sulphide, and purified 
the gas by fractionating. His determinations were not carried out with as 
many precautions as those of the later observers. 

Cardoso and Arni prepared their samples from hydrochloric acid and pure 
precipitated ferrous sulphide. The gas was passed through a suspension of 
ferrous sulphide in water and thence over calcium chloride and phosphorus 
pentoxide after which it was distilled fourteen times. 


Hydrogen Sulphide 


Date 

To 

Po 

Obs. 

1884 

373-3* 

92* 

I 

1890 

373-1 

88.77 

2 

1897 

373-i±.S 

90 

3 

1910 

372-7 

88.3 

4 

1910 

373-53 


5 

1912 

373-S±-T 

89.os±.i 

6 

Selected values 

373-S 

89 



1. Dewar: Phil. Mag., 18, 210 (1884) 

2. Olszewski: Beibl. Ann. Physik., 14. 896 (1890) 

3. Leduc and Sacerdote: Compt. rend., 125, 397 (1897) 

4. Scheffer: Z. physik. Chem., 71, 695 (1910) 

5. Estreicher and Schnerr: Z. komprimierie fliissige Gase Pressluft-Ind., 15, 
1 61 (1913); Dissertations Amsterdam (1910) 

6. Cardoso and Ami: J. chim. phys., 10, 504 (1912) 
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They found that all the mercury as well as the gas had to be very carefully 
dried, otherwise a slight decomposition would take place which proceeded ap- 
parently until a definite small pressure of hydrogen was produced. 

Because of the care with which their work was carried out and the close 
check obtained by Estreicher and Schnerr, their value for the critical tempera- 
ture is considered the best. 

Preference is given to ( 'ardoso and Arni^s value for the critical pressure. 

No determinations of the critical density have been made. 


Krypton 


Date 

To 


Pc 

()l)S. 

TQOI 

210.6 


S 4-3 

I 

Selected values 

210.6 ? 


54 -3 ? 



I. Ramsay and Travers: Trans Roy Hoe London 197 , 87 (1901) 


The only determinations of the critical constants of krypton are those of 
Ramsay and Travers. They separated this gas from oxygen, nitrogen and 
xenon by repeated fractionations, but because of the small quantities of gas 
with which they had to deal it is doubtful whether their samples were very 
pure. 

Methane 


Date 

Tc 

Pc 

d,. 

Obs. 

1882 

('<;7 4) 

(46 8) 

0.145 i 

1 

1884 

19Q 6 

56 8 

1 

2 

1884 

173.6* 

50 * 


3 

1885 1 

191 -3 

S 4 0 


4 

19T3 

T90.25 

45 6o±.05 

0.1623 

5 




0.1623 

6 

1922 

T91 03^ 

45-79 

0.1613 

f 

Selected values 

190 6 ? 

45-7 

0.162 



1. Sarrau: Compt. rend., 94 . 718 (1882) 

2. Wroblewski: Compt. rend., 99 , 136 (1884) 

3. Dewar: Phil. Mag., 18 , 210 (1884) 

4. Olszewski: Compt. rend., 100, 940 (1885) 

5. Cardoso: Arch. sci. phys. nat., 36 , 97 (1913) 

6. Cardoso: Arch. sci. phys, nat., 39 , 403 (1915) 

7. Keyes, Taylor and Smith: J. Math, and Phys., Mass Inst. Tech. 1 21 1 (1922) 

Cardoso does not give any details as to his method of preparation of 
methane, but the purity of his sample was very high as indicated by the fact 
that upon condensation at constant temperature the pressure remained con- 
stant to about 0.0 1 atm. 

Keyes, Taylor, and Smith used methane prepared by heating a mixture of 
dry sodium acetate and soda lime. Any acetone formed was absorbed by 20 
per cent fuming sulphuric acid, the sulphur trioxide fumes being removed by 
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98 per cent concentrated sulphuric acid. The gas was passed through a caustic 
soda solution and then over solid caustic and phosphorus pentoxide. Further 
purification was obtained by fractional distillation. The impurities were not 
in excess of one part in five hundred. The critical constants, ti is stated, were 
directly observed, but the method is not described. The sample was not stir- 
red during the determination. The critical pressure given by these authors in 
Table I (p. 223) as the observed value is 46.06, the value 45.8 being calculated 
from the vapor pressure formula. 

Cardoso^s values for the vapor pressure were found to be uniformly higher 
than those of Keyes and his coworkers by an amount corresponding to a 
temperature difference of 0.56®, and these authors therefore assume that 
Cardoso’s temperature measurements are low by this amount. On the other 
hand in a footnote (p. 226) it is apparent that Cardoso’s fixed point, the freez- 
ing point of toluene is too high. This contradiction taken together with the 
statement on a preceding page that the higher vapor pressures were not very 
concordant because of lack of sufficient stirring would throw doubt upon 
the validity of the proposed correction. 

The critical constants selected are the means of these two recent sets of 
observations. 


Methyl Chloride 


Date 

Tc 

Pc 

do 

Obs. 

1886 

414.6 

73 


I 

1893 

416.1 

65.0 


2 

1904 

416. I±. 2 


0.370 

3 

1904 

416.22 

65-93 


4 

1906 

416.3 

65-85 


5 

Selected values 

416.2 

65-9 

0.37 ? 



1. Vincent and Chappuis: Compt. rend., 100 , 1216 (1885); 103 , 379 (1886) 

2. Kuenen: Arch. n6erl., 26 , 368 (1893) 

3. Centnerszwer: Z. physik. Chem., 49 , 203 (1904) 

4. Brinkmann: Dissertations Amsterdam (1904) 

5. Baum6: J. chim. phys., 6, i (1908) 

The recent determinations on methyl chloride agree quite well. 

Centnerszwer purified his sample by passing over soda lime, calcium 
chloride, and sulphuric acid, after which it was distilled into the tubes. No 
variation in pressure was observed when the gas was condensed at constant 
temperature. He did not agitate the gas while making the determinations. 

Baum6 passed the methyl chloride through sulphuric acid and fraction- 
ated it five or six times. 

The results of these observers are averaged with those of Brinkmann. 

The values which Centnerszwer obtained for the density by the method 
of Cailletet and Mathias varied, within o.oi® of the critical temperature, from 
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0.3397 to 0.3790. When it is considered that his figure for the critical tempera- 
ture may be in error by 0.2®, it is unlikely that the value for the critical density 
is accurate to even the second significant figure. 


Neon 


Date 

Te 

Pc 

Obs. 

1917 

44-74 

26.86 

I 

Selected values 

44-7 

26.9 



I. Onnes, Cromniolin and Caih: Comm. Leyden No. 151b (1917); Proc. Acad. 
iSci. Amsterdam; 19 , 1058 (1917; 


Onnes, Crommelin and Cath have made the only published determination 
of the critical constants of neon. The impure gas which they had at their 
disposal was freed from hydrogen by explosion with oxygen. It was then 
repeatedly frozen and distilled over carbon cooled in liquid air. Traces of im- 
purities still remained, however, as indicated l>y the increase of 0.2 atm. 
pressure when the gas was liquefied at constant temperature; and because of 
these impurities the values for the critical ti^nperature and critical pressure are 
belit^ved by Onnes and his coworkers to differ from the true values by a few 
tenths of a unit. Thc^ temperatures were measured with a helium thermometer. 

Vapor pressure measurements were made and the apparatus was so ar- 
ranged that the quantities of gas which were liquefied at a given temperature 
between the beginning and the end of condemsation could be measured. Using 
the values obtained in this manner at different temperatures in the neighbor- 
hood of the critical temperature the critical constants were calculated by 
extrapolation over a small range. 


Nitric Oxide 


Date 

To 

Pc 

Ohs. 

188s 

179 • 

71.2 ? 

I 

Selected values 

180? 

71 ? 


I. Olszewski: 

Oompt. rend., 100, 940 (i88s) 



The only determination of the critical constants of nitric oxide is that of 
Olszewski in 1885. The gas was prepared by boiling ferrous sulphate with 
dilute nitric acid. The gas was liquefied in a part of the apparatus which had 
been previously evacuated. Olszewski found the meniscus still visible at 
179.6® and 71. 2 atm., but owing to bis fear that the tube might burst he did 
not raise the temperature or pressure further. His sample was not well puri- 
fied and it can be seen from the results on other gases that his determinations 
of this early date are not in accord with those by later observers. 
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The nitrogen used by Onnes, Dorsman and Holst was prepared by boiling 
a solution of sodium nitrite and sodium sulphate with ammonia. The gas was 
passed over sulphuric acid to remove the ammonia. During condensation at 
constant temperature there was no appreciable increase in pressure so that the 
gas may be considered as quite pure. 


Nitrogen 



1. Sarrau: Compt. rend., 94 , 718 (1882) 

2. Olszewski: Compt. rend. , 99 , 133 (1884); Ann. Physik., 31 , 66 , 70 (1887); Phil. 
Mag., 39 , 210 (1895). 

3. Dewar: Phil. Mag., 18 , 210 (1884) 

4. Wroblewski: Wien. Ber., 91 , 696 (1885); 92 , 641 (1885) 

5. Wroblewski: Compt. rend.. 102, 1010 (1886) 

6. Onnes, Dorsmann and Holst: Comm. Leyden No. 145b (1914) Proc. Acad. 
Sci. Amsterdam, 17 II, 950 (1915) 

7. Mathias, Onnes and Crommelin: Comm. Leyden No. 145c (1914) Ann. phys., 
455 (1922) 

8. Cardoso: J. chim. phys., 13 , 312 (1915) 


Cardoso’s sample was obtained by heating pure potassium nitride and 
passing the gas over pure calcined barium oxide, followed by drying over 
phosphorus pentoxide. The purity was checked by the vapor pressure 
method. 

As in the case of oxygen the values of Onnes rather than those of Cardoso 
are accepted although this choice may be questioned. 

The value for the critical density obtained by Mathias is the only deter- 
mination available and is probably quite accurate. 

The nitrous oxide prepared by Villard was evidently very pure judging 
from the regular phenomena obtained near the critical point, but his values 
were obtained indirectly by measuring the densities of the liquid and gas 
phases. 

Kuenen purified commercial nitrous oxide by passing it over calcium 
chloride, caustic potash, and phosphorus pentoxide after which it was liquefied 
and distilled. The increase of 0.15 atm. pressure when condensed at constant 
temperature indicated a slight impurity. 

The samples used by Cardoso and Arni were prepared from hydroxylamine 
hydrochloride and sodium nitrite solution and purified by passing through 
potassium hydroxide solution, sulphuric acid and finally phosphorus pentoxide* 
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The gas thuse obtained was fractionated ten times. Their values are no doubt 
the best. Because of the apparent high purity of his nitrous oxide, preference 
is given to Villard^s value for the critical density. More data, however, are 
needed to corroborate this figure. 


Nitrous Oxide 


Dato 

T 

c 

Pc 

(Ic 

()bs. 

1878 

309 . 5 

73 07 


I 

1884 

308.5* 

75 * 


2 

1886 



0.41 

3 

1894 

311 9 

77.5 

0.454 

4 

1897 

309.1 

71.9 


5 

T912 

309.6 

71-65 


6 

Selected values 

309.6 

71.7 

0.45 ? 



1. Janssen: Bcibl. Ann. Physik. 2 , 136 (1878) 

2. Dewar: Phil. Mag., 18 , 210 (1884) 

3 CWlIetet and Mathias: Compf rend , 102, 1202 (r886) 

4. Villard: Coinpi. rend , 118 , 1096 (1894); J. phys., 3 , 441 (1894) 

5. Kuenen: Phil. Mag., 44 , 195 (1897) 

6. Cardoso and Bell: J. chim. phys., 10, 505 (1912) 

There have been only two determinations of critical temperature and 
pressure made upon oxygen since 1885, one by Onnes, Dorsmann and Holst 
and one by (Cardoso, both published about the same time. Owing to the com- 
paratively crude apparatus used in obtaining the earlier results, it is not sur- 
prising that they were largely in error. 

The oxygen used by Onnes, Dorsman and Holst was prepared by heating 
pure recrystallized potassium permanganate in an apparatus made cntirelj” 


Oxygen 


Date 

To 

Po 

do 

Obs. 

1882 

(167.7) 

(48.7) 

(03637) 

I 

1884 

160 .1* 

50* 

(0.63) 

2 

1885 

1551 

50 


3 

188s 

154.3 

0 

00 


4 

191 1 



0.4299 

5 

1915 

154.27 

49 71 


6 

19T5 

155-1 

49.3 


7 

Selected values 

154.3 

49-7 

0.430 



1. Sarrau: Compt. rend., 94 , 639 (1882) 

2. Dewar: Phil. Mag., 18 , 210 (1884) 

3. Wroblewski: Ann. Physik., 25 , 401 (1885); Compt. rend., 97 , 309 (1883) 

4. Oleszewski: Phil. Mag., 39 , 210 (1895); Compt. rend., 100, 350 (1885) 

5. Mathias and Onnes:*Comm. Leyden No. 117(1911); Proc. Acad. Sci. Amsterdam, 
13 , (1911); Ann. phys., 17 , 416 (1922) 

6. Onnes, Dorsman and Holst: Proc. Acad. Sci. Amsterdam, 17 , (i 9 i 5 )j Comm. 
Leyden 145b 

7. Cardoso: J. chim. phys., 13 , 312 (1916) 
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of glass and passing the gas over heated platinized asbestos. The gas was then 
cooled with liquid air and allowed to slowly evaporate, thereby eliminating 
carbon dioxide and water vapor. The sample showed a constant pressure 
while being condensed at constant temperature. The pressures above 20 atm. 
were measured by means of a closed hydrogen manometer. 

As the critical point, Onnes and his coworkers took the point at which on 
a small expansion the meniscus appeared half way up the tube and where con- 
versely as the temperature reestablished itself it disappeared again at the same 
level. They looked particularly for the critical opalescence but failed to find it. 

The value for the critical density was obtained from the equation of the 
rectilinear diameter. 

Cardoso also prepared his oxygen from pure crystallized potassium per- 
manganate, and passed the gas over solid potassium hydroxide, phosphorus 
pentoxide, and then through a Liebig bulb with mercury to decompose the 
ozone. 

Owing to the fact that Cardoso did practically all the work alone, he had 
some difficulty in keeping the temperature constant while making his observa- 
tions. His temperature measurements which were made with a pentane ther- 
mometer are also open to question. 

In consideration of the excellent means which Onnes had at his disposal 
for making these measurements preference is given to his results. 


Phosgene 

Date 

To 

6bs. 

1919 

456.^0.5 

I 


1. Hackspill and Mathieu: Bui]. 25, 482 (1919) 

The only determination of the critical temperature of phosgene is that of 
Hackspill and Mathieu. These observers removed sulphur compounds from 
the commercial product by fractional distillation and eliminated most of the 
chlorine by contact with mercury for 24 hours. Final traces of chlorine were 
removed by distillation. The sealed tube containing the phosgene was placed 
in a hole in the center of a cylindrical aluminum block which could be heated 
electrically. The sample could be observed through a slot in the block. The 
temperatures were measured by means of a thermometer placed in another 
hole near the center of the block. Measurements indicated that the 
temperatures at this point and at the place occupied by the tube containing 
the gas could be maintained equal within o.i®. 

The purity of the sample is not established and the method, while suitable 
for making approximate determinations at these temperatures, is not accurate. 

Haenlin apparently made no effort to purify his sample of propane which 
hye prepared by heating propyl iodide with aluminum chloride for 20 hours at 
130^0. His test for purity, which consisted of an analysis of the gas by explod- 
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ing with oxygen, did not necessarily prove the absence of impurities. The ob- 
servations of the critical phenomena were made in a sealed tube, the critical 
pressure being obtained from the vapor pressure data. Haenlin observed that 
as the tempierature was raised the meniscus became indistinct at ioi°C and 
that at iTo°C all optical difference betwfjcn the liquid and gas disappeared. 
Upon cooling, the critical opalescence appeared at ]02°C which ht* selected as 
the critical temperature. 


Propane 


1 

Date 

T * 

A c 

Pc 

Olw. 

1889 

370 

44 

I 

1895 

375 

45 8 

2 

190.S 

370.6 

45 


1921 

368.7 


4 

Selected values 

368.7 

45 



1. Olszewski: Bull. Int. I’Acad. Sci. ('nicovie, Jan. (1889); Phil. Mag. (s), 39 , 
188 (1895) 

2. Hamlin: Ann. 282 , 245 (1895) 

3. Loheau : Bull . 33 , 1 1 37 ( 1 905 ) 

4. Maass and Wright: J. Am Chem. Sor , 43 , 1098 (1921). 

Lebeau prepared propane by allowing propyl or isoproi)yl iodide to react 
with a solution of sodium in liquid ammonia. No criteria of purity are given. 
The critical temperature was determined both by lh(‘ Cailletet method and by 
the sealed tube method. 

Maass and Wright obtained propane by the action of the zinc-copper 
couple on propyl iodide. The gas was purified by passing through spirals cool- 
ed to -“78°C, then a number of times over the zinc- copper couple moistened 
with alcohol at 5o®C until free from iodide, then through concentrated silver 
nitrate and concentrated alkali solutions, and was finally dried by phosphorus 
pentoxide and condensed. The propane was further purified by five distilla- 
tions in a vacuum, the middle portions being retained in each instance. The 
method of determining the critical temperature is not described. 


Propylene 


Date 

Tc 

Pc 

Obs. 

1883 

370 


I 

1915 

363 -7 

45-34 

2 

1921 

365 .2dbO,2 


3 

Selected values 

364-5 ? 

45-3 



1. Nadeidinc: J. Russ. Phys. Chem., 15 , 25 (1883); Beibl. Ann. Physik., 7 , 
678 (1883) 

2. Seibert and Burrell: J. Ana. Chem. Soc., 37 , 2683 (1915) 

3. Maass and Wright: J. Am. Chem. Soc., 43 , 1098 (1921) 
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The value obtained by these authors is preferred to that obtained by 
Lebeau because of the precautions taken to insure the purity of the sample. 
On the other hand, the value for the critical pressure determined by Lebeau is 
probably more accurate than the values published by Olszewski and byHaenlin. 

Nadejdine makes no statement regarding the purity of the propylene 
which he used. 

Seibert and Burrell obtained propylene by dehydrating propyl alcohol 
with phosphorus pentoxide, collected the gas over caustic potash and purified 
it by fractionation at low temperatures. As stated in the discussion of butane, 
the critical temperature was taken as that at which no meniscus was visible 
when the volume was constant, but just appeared when the volume was 
slightly increased. The pressures were measured by a calibrated air mano- 
meter. 

The propylene used by Maass and Wright was prepared by the catal3d;ic 
action of aluminum oxide upon purified propyl alcohol at a temperature of 
35o°C. The gas was purified by the methods adopted in the case of ethylene. 


Sulfur Dioxide 


Date 

Tc 

Pc 

Clc 

Obs. 

1859 

430.1 



I 

1878 

430-434 



2 

1879 

428.5* 

78.9* 


3 

1882 

428.1* 



4 

1884 

428.5* 

78.9* 


5 

1887 

429.1 


0.52 

6 

1903 

430.36^.2 



7 

igo6 

430.3 

77-95 


8 

1912 

43 o. 25 ±.i 

77 . 6 s±.i 


9 

1913 

430.24 



10 

Selected values 

430.3 

77-7 

0.52? 



1. Drion: Ann. chim. ph3’8., 56 , 221 (1859) 

2. Ladenburg: Ber., 11, 818 (1878) 

3. Sajoschewski: Beibl. Ann. Physik., 3 , 741 (1879) 

4. Schuck: Beibl. Ann. Physik, 6, 86 (1882) 

5. Dewar: Phil. Mag.^ 18 , 210 (1884) 

6. Cailletet and Mathias: Compt. rend., 104 , 1563 (1887) 

7. Centnerszwer: Z. physik Chem., 46 , 427 {1903) 

8. Briner: J. chirn. phys., 4 , 474 (1906) 

9. Cardoso and Bell: J. chim. pnys., 10, 502 (1912) 

10. Hein: Z. physik. Chem., 86, 409 (1913) 

The two later values for the critical temperature differ by 1.5®, so that 
their mean which is the selected value may be in error by as much as 0.8®. 

The only published experimental determination of the critical pressure 
which could be found is that of Seibert and Burrell. 

The values for the critical temperature of sulfur dioxide obtained since 
1887 agree remarkably well, none of the four deviating more than 0.06® from 
the mean of 430.3®. This figure can therefore be taken as being accurate to the 
nearest tenth of a degree. 
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Critical Constants of Gases 


(^las 

('ritical Tem- 
perature 
Abs.^^ 

Critical Pres- 
sure^ 

Atrn. 

C'ritical Den- 
sity 

g per cc 

Acetylone 

309 ? 

61 . 6 

0.231 

Air 

T32.4 

37-2 

o. 35 '> 




0 . 3 1 (‘ 

Allyleiie 

401 



Ammonia 

40s 5 

1 12 

0. 236 

Argon 

1.S0 7 

48 0 

0. <;2 

Butane-iso 

406 8 ? 

36 5 ? 


Butane-n 

426.3 ? 

35*7 ? 


Carbon dioxide 

304 I 

72.0 

0.460 

Carbon rnonoxidf^ 

^ 34-4 

34 6 

0 . 3 1 1 

Chlorine 

417 

76 1 

'^•573 

Cyanogen 

40T.4 

50. 7 


lithane 

305 • 2 

48.8 

0. 2 T 

Ethyl chloride 

456 ? 

54 ? 


Ethylene 

282.6 

50.7 


Helium 

5.20 

2.26 

0.066 

Hydrogen 

33 • 18 

12.8 

0 

0 

0 

Hydrogen bromide . . . 

363 s ? 



Hydrogen chloride 

324-5 

83 ? 


Hydrogen iodide , . . 

423 • 9 ? 



Hydrogen sulphide 

373 5 

80 


Krypton 

210.6 ? 

54-3 ? 


Methane... 

I go . 6 

45 7 

0. 162 

Methyl chloride 

416.2 

65 0 

0 37 ? 

Neon 

44-7 

26. Q 


Nitric oxide 

180 ? 

71 ? 


Nitrogen 

126.0 

33 • 5 

O.3ITO 

Nitrous oxide 

309.6 

71.7 

0.45 ? 

Oxygen 

1543 

49-7 

0.430 

Ozone 

268 ? 

92 3 ? 


Phosgene 

456 ±o .5 ? 



Propane 

368.7 

45 


Propylene 

364- s ? 

45-3 ? 


Sulphur dioxide 

430.3 

77-7 

0.52 ? 

Xenon 

289.7 

58.2 

I-I 55 


» The absolute zero is taken as 273.1^0. 
^ ‘Tlait point". 

0 ‘‘Critical point of contact". 
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Of the two recent determinations of the critical pressure, preference is 
given to that of Cardoso and Bell, because their description shows that the 
work was carefully carried out while Briner does not discuss his apparatus or 
method. 

The only value for the critical density is that of Cailletet and Mathias, 
which was obtained in 1887 and can not be accepted as very reliable. 


Xenon 


Date 

To 

Po 

do 


I9OT 

287.9 

58.0 


I 

1912 

289.7 

58.2 

I-I.'JS 

2 

^elected values 

289.7 

58.2 

I- 1 .SS 



1. Ramsay and Travers: Trams. Roy. Soc. London. 197 A, 71 (1901) 

2. Patterson, Cripps, and Whytlaw-Gray: Proc. Roy. Soc. London. 86 A, 579(1912) 


Ramsay and Travers make no claim for a high dcgrre of accuracy in their 
determinations of the critical constants of xenon because they had only 3 cc 
of gas, giving 0.006 cc of liquid, and were therefore unable to get complete 
purification. 

From Ramsay and Moore, Patterson and his co-workers procured 120 cc 
impure xenon. After solidifying the gas and pumping off the non-condensible 
gases, they boiled away the solid xenon and took the last 20 cc for their meas- 
urements. The temperatures were maintained constant to 0.02°. They noted 
that apparently unless certain precautions were taken xenon and oxygen 
would physically associate, and later dissociate giving off oxygen which would 
lower the critical density. 








THE STARCH-IODINE REACTION 


BY N. R. DHAR 

Two distinct views have been put forward in order to explain the mecha- 
nism of the starch iodine reaction. Several authors, notably Rouvie^^ Euler 
and Myrback^ and others have formulated the view that on the addition of 
iodine to starch paste, definite chemical compounds are formed. The number 
of formulae denoting the compound starch-iodine has come up to thirteen, the 
iodine content varying from 3 to more than 20 per cent. 

In opposition to the above view, Kiister^ has shown that the blue colour 
of starch iodide can be easily explained by the phenomenf)n of the adsorption 
of iodine by starch. Padoa and Savare^, Katayama®, Berczeller®, Bancroft^ 
and Lottermoser^ are support^ers of the adsorption view. 

It is well known that starch forms a colloid when mixed with warm water 
and on the addition of iodine to this colloidal starch the well known blue sub- 
stance which is certainly colloidal in nature is obtained. It appears that 
colloidal starch is negatively charged and on the addition of iodine the amount 
of charge on each particle is increased. Like most colloidal substance starch 
has a good adsorptive power, as has been shown by Robison^, Lloyd^*^, 
Rakovski'* and others. Evidently there is hardly any doubt that adsorption 
plays a very important part in the formation of the blue substance. 

It is apparent that the blue substance, starch iodide, is colloidal in its 
nature. In order to throw light on the nature and on the constitution of the 
blue substance, electric conductivity measurements were carried on. Several 
years ago Duclaux^^, found positively charged ferric hydroxide sol is fairly con- 
ducting. In a recent paper Wintgren^* has determined the conductivity of 
stannic acid peptised by alkali. Very recently Sen, Ganguly and Dhar have 
found that negatively charged ferric hydroxide sol is also fairly conducting. 

Fifteen grams of Lintners^ soluble starch (British Drug Houses Ltd: Lon- 
don) were made up to 1000 cc. using warm water at the beginning. The con- 
ductivity of this colloidal solution w^as determined. When N/io alcoholic 
solution of iodine, the conductivity of which was determined before, was 
added to the starch solution, it was found that the conductivity of the blue 

‘Compt. rend. 117 , 461. 

2 Ann. 428 , i (1922); Arkiv. Kem. Min. Geol. 8, No. 9, i (1922). 

3 Ann. 283 , 364 (1891). 

* Atti, R. Accad. Lincei, 14 , i, 467 (1905)- 

* Z. anorg. Chem. 56 , 209 (1907), 

® Biochem. Z. 84 , 106 (1917). 

^ ‘‘Applied Colloid Chemistry’^, 104 (1921). 

* Z. angew. Chem. 34 , 427 (1921). 

® Proc. Camb. Phil. Soc. 15 , 548 (1910). 

J. Am. Chem. Soc. 33 , 1213 (1911). 

J. Russ. Phys. Chem. Soc. 45 , 7, 13 (1913); 46 , 24 (1914). 

‘*Compt. rend. 140 , 1468 (1905); Kolloid-Z. 3 , 126 (1908). 

Z. Phys. Chem. 103 , 238 (1922). 
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substance thus obtained is greater than the sum of the conductivities of the 
two substances. The conductivity measurements were carried out at 25® and 
the following results were obtained : — 


Table I 


Substance 



Conductivity 

Absolute alcohol 



4.86Xio~® 

N/io alcoholic iodine 



1 .36X10“® 

.‘.N/ 10 iodine (in alcohol) 



8.76X10“* 

Aqueous iodine (about N/ 1000) 


4.32X10“® 

Water 



3.37X10“* 

.‘.Iodine (in water) 



0.95X10“* 

Starch (colloidal) 15 grams per litre 


2.7 Xio“‘ 

Starch (alone) 



2.36X10“* 

20CC. starch+ .1 cc N/io alcoholic iodine 

2.55X10“* 

” ” + . 2 CC ” 

yy 

yy 

2 .63X10“* 

” ” + .3 CC ” 

yy 

yy 

2.74X10“* 

’■ ” + . 4 CC ” 

tf 

yy 

3.01X10“* 

” ” + -sec ” 

99 

yy 

3 .85X10“* 

” ” + .6cc ” 

99 

yy 

3 .93X10“* 

” ” + ,8cc ” 

99 

yy 

4.85X10“* 

" ” + .9CC ” 

99 

99 

5.96X10“* 

Table II 



Substance 



Conductinty 

20 cc. starch sol -f i cc N/io alcoholic iodine 7 . 74X 10 

” ” ” + 2 CC 

yy yy 


” lo.oiXio 

” ” ” + 3 CC 

yy yy 


” 952X10 

” ” ” + 4 CC 

yy yy 


” 8.86X10 

” ” ” + s cc 

yy yy 


” 8.28X10 

” ” ” +6cc 

yy yy 


” 7-63X10 

” ” ” + 7 cc 

yy yy 


” 7-15X10 

” ” ” + 8 CC 

yy yy 


” 6.77X10 

Table til 



20 cc starch sol + i cc 

alcohol 


2 .28X io“* 

” ” ” + 2 cc 

yy 


1.99X10“* 

” ” ” + 3 cc 

yy 


1. 83X10-* 

” ” ” +4CC 

99 


1 .66X io“* 

” ” ” + S cc 

99 


1 .51X10-* 

” ” ” +6cc 

99 


1.39X10“* 

» » , cc 

99 


1.28X10“* 


From the foregoing experimental results it is quite clear that on addition 
of alcoholic iodine to a sol of starch, the conductivity is greatly increased. It 
will be seen from Tables I and II that, as the amount of iodine goes on increas- 
ing the conductivity of the mixture also goes on increasing to a maximum and 
then it falls off on further addition of iodine. This decrease in the conductivity 
is certainly due to the falling off of the conductivity of starch on the addition 
of absolute alcohol. The experimental results in Tables I and III conclusively 
prove that on addition of absolute alcohol to starch, the conductivity gradual- 
ly falls off as we go on adding more of alcohol to a definite volume of the starch 
sol. 
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On comparing Tables II and III wo find that the ratios of conductivities 
when corresponding amounts of the substances arc added are 3.4, 5, 5.2, 5.35, 
5.45, 5.5, 5.6 and 5.8. These numbers are in inen^asing order of magnitude. 
In other words, these ratios conclusively prove that the greater the amount of 
iodine added to a definite volume of starch sol, the greater is the coiifluctivity 
of the mixture. Conseciuently, the foregoing experiiiKuital results prove* that 
on the addition of alcoholic iodine to starch, the conductivity of the blue sub- 
stance produced is much greater than tlie sum of the conductivities of the 
reacting substances (viz starch and iodine) It seems,therefore, that the blue 
compound is apprecially conducting and gives out some ions probably of the 
micellar type. P>om my conductivity experiments I am of the opinion that 
this blue substance formed by the adsorption of iodine by starch is something 
like an unstable chemical compound and behaves like an unstable iodide. 

In order to explain thi* conductivity of colloids and substances like soap, 
the micelle theory of ions has been advanced.^ The same conception of ionic 
micelle has been applied to a sol of stannic acid peptised by alkali". It is sup- 
posed by these authors that one of the ions giv(*n out by colloids and substan- 
ces like soap, which is micellar in nature, contains many atoms and is very 
heavy®. It seems, probabk*, that with starch iodide we get a heavy micellar 
ion containing starch and the* other ion may be the simjde iodide ion. 

In order to sec whether other colloids would show greater conductivity 
as in the case of starch iodide several conductivity experiments were made with 
weak electrolytes like* ae^etic acid, boric acid, arsenious acid, etc., when treated 
with freshly precipitat(*d and well washed ferric hydroxide. Starting with a 
sample of glacial acetic acid which is 16.5 N. I find it is practically non-con- 
ducting. When freshly precipitated and well washed ferric hydroxide, which 
is dried in air, is added to glacial acetic acid and shaken the conductivity of the 
mixture is highly increased. Similarly the conductivity of 13.75 N acetic acid 
in presence of freshly precipitated ferric hydroxide is greatly increased. But 
with more dilute acetic acid the rev'^erse is the case. Thus with 2.38 N acetic 
acid the conductivity is decreased on the addition of ferric hydroxide. It is 
well known that a positively charged ferric hydroxide sol is obtained by shak- 
ing freshly precipitated ferric hydroxide with dilute acetic acid. The whole 
of the colloid can be readily coagulated by the addition of clectrol3'^tes like 
(NH4)2S04, Na2S04 etc. In this case practically" the whole of the iron re- 
mains as a colloid and not as ferric acetate. The decrease in the conductivity 
of dilute acetic acid on the addition of ferric hy^droxide is certainly due to the 
adsorption of acetic acid by ferric hydroxide and hence the concentration of 
the acid is decreased. 

In a foregoing paper from this laboratory it has been shown that by shak- 
ing freshly precipitated ferric hydroxide with arsenious acid a negatively 


21 , 


^ See Zsigmondy : ‘ ‘Chemistry of Colloids’^ 166 ( 1 9 1 7) ; 
49 (1917)* 

* Wintgren: loc. cit. 

« Compare Dhar: Z. anorg. Chem. 1913, 80, 43 (1913)- 


Pauli and Matula: Kolloid-Z. 



128 


N* R. DHAR 


charged sol of ferric hydroxide is obtained. The decrease in the conductivity 
of arsenious acid on the addition of ferric hydroxide is also certainly due to the 
adsorption of arsenious acid by ferric hydroxide, which is a good adsorbent of 
arsenious acid. Exactly similar results are obtained with boric acid. With 
concentrated acetic acid the case is different. If ferric hydroxide is added to 
glacial or very concentrated acetic acid the conductivity is enormously in- 
creased due certainly to the formation of the electrolyte ferric acetate. That 
ferric acetate and not colloidal ferric hydroxide is formed is shown by the fact 
that no coagulation takes place on the addition of electrolytes to these solu- 
tions. In these cases the formation of the conducting electrolyte ferric acetate 
more than counteracts the adsorption of acetic acid by ferric hydroxide and 
hence the conductivity is greatly increased. Hence the formation of ferric 
acetate or colloidal ferric hydroxide on the treatment of acetic acid with fresh- 
ly precipitated ferric hydroxide depends on the concentration of acetic acid 
and this is guided by the following mass action equilibrium 

Fe(OH)3+3CH3 COOH=Fe(C H3C00)s+3H20 

Looking at the whole problem it seems that the blue substance obtained 
by the adsorption of iodine by starch is something like an unstable chemical 
compound which can give off ionic micelle in water. 

It will be interesting to find out whether there is any change in the con- 
ductivity of the reacting substanccs(viz. sulphur dissolved in S2 CU or CCU or CS2 
and the raw caoutchouc). That there is some chemical action in the process 
of vulcanisation will be evident from the fact that its temperature coefficient 
for a 10® rise is 1.8. This value is greater than the average temperature 
coefficient of homogeneous reactions.^ In our experiments on the adsorption 
of electrolytes by manganese dioxide no effect of temperature on the phenome- 
non of adsorption was observed. 

The blue colour of starch iodide is readily destroyed by chlorine, silver 
nitrate, mercuric chloride, iodic acid and other oxidising agents, like nitric 
acid, chromic acid, etc. This fact can be easily explained on the view that the 
blue substance is an unstable iodide. The following results were obtained in 
the decolourisation of the blue substance with mercuric chloride: — 

io.ee of the starch solution with different volumes of iodine solution 
titrated against M/5 HgCL Solutions. 

Volume of N/ 10 iodine Solution. Vol. of M/5 HgCL Sol. 


0.5 cc 

2 .2 cc 

I cc 

8.4 cc 

I cc 

8.4 cc 

2 CC 

16.5 cc 

3CC 

24 . 7 cc 


In order to decolourise with nitric acid far greater quantity of the oxidis- 
ing agent is necessary. 

^ Compare Dhar: Proc. K. Akad. Weten. Amsterdam, 21, 1042 (1919). 
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10 cc starch and o . 5 cc of alcoholic iodine require 1 10 cc of 3.75 N HNO3. 

There has been a great deal of controversy as to whether iodide ions are 
necessary in the generation of the blue substance. In Mylius^ formula of 
starch iodide, HI is regarded as a part of the blue iodide of starch. This view 
has been corroborated by Roberts^, Lonnes^, Hale^ and Sen^; while Rouvier^ 
Meineke^ Bcrczcllcr^, Euler and Myrbiick® have shown that potassium iodide 
is not necessary for the production of the blue substance. Lottermoser (loc. 
cit.) appears to have taken an intermediate position and believes that iodides 
are required temporarily for the production of the blue colour. I have ob- 
served that on the addition of a freshly prepared alcoholic solution of iodine 
to starch paste or colloidal starch the blue colour immediately appears. In 
this case iodines did not get time to undergo hydrolysis according to the 
equation 3I2+3 H20 = 5HI+HI()3, hypoiodous acid being formed as an 
intermediate product. The hydrolysis of iodine being a non-ionic change is 
expected to be slow; Iktico the immediate appearance of blue colour on the 
addition of alcoholic iodine to colloidal starch does not support the view that 
iodide ions or HI are necessary for the production of the blue colour, because 
at the beginning there is hardly any HI in th(» mixture. Of course, according 
to the conception advanced in this paper the blue substance itself is an un- 
stable iodide, which gives off iodide ions in solution. 

The great amount of HNO3 necessary for the discharge of the blue colour 
seems to be against the view that HI is necessary for the formation of the blue 
colour. 

The effect of several electrolytes on blue starch iodide has also been in- 
vestigated. In this line of research there has been a considerable difference of 
opinion amongst previous investigators. Standard solutions of KCl, (N03)2, 
Ba K2SO4, KI, Al2(S04), KBr and BaCb were prepared and in clean test 
tubes 5CC of each of the solutions added to 10 cc of the starch iodide obtained 
by mixing 100 cc of starch (15 grams per litre) with .2 or .3 or .4 or .5 cc N/ 10 
alcoholic iodine. In all cases 5 cc of water was added instead of the electrolyte 
to 10 cc of starch iodide and this tube served as the blank one for comparison 
with other tubes. 

The effect of electrolyte on starch iodide seems to be complicated specially 
that of KI, which markedly intensifies the blue colour. 

With other electrolytes the general effect seems to be coagulating in its 
nature. On the addition of the electrolyte the particles of the colloidal starch 
iodide coalesce with one another and become larger and hence the blue colour 

‘ Am. J. 8ci. (3), 47 , 422. 

® Z. anal. Chem. 35 , 409. 

* Am. Chem. J. 28 , 438 (1902). 

Proe. K. Akad. Wet. Amsterdam (1923)- 

®Compt. rend. 114 , 749. 

«Chera. Z. 18 , 157 (1894). 

’ liOc. cit. 

* Loc. cit. 

® Compare Bray: J. Am. Chem. Soc. 32 , 932 (1910). 
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is intensified though to a var5ring extent depending on the nature rather than 
the valency of the ions in question. It will be interesting to investigate 
whether the coagulation of blue starch iodide follow the Schulze-Hardy rule. 

Summary 

(1) When alcoholic iodine is added to starch sol, the conductivity of the 
substance formed is much greater than the sum of the conductivities of the 
individual substances. 

(2) The substance obtained by the adsorption of iodine by starch is 
appreciably conducting and behaves something like an unstable iodide. It 
seems probable that micellar ions are given out in sol. 

(3) It seems probable that the pi-esencc of outside iodide ions is not 
necessary for the formation of the blue substance. The hydrolysis of iodine 
is a slow process. 

(4) Electrolytes have the general effect of intensifying the blue colour 
by the coalescence of the smaller particles into bigger ions caused by thier 
coagulating effects. 

Chemical Labor atonee^ 

Allahabad University ^ 

India, 



THE RECOGNITION OF BLUE^ 


BY WILDER D. BANCROFT 

Matthews^ says that '^there is a pediliar variety of peeler cotton known 
as ^blue bender' cotton. This fibre is characterized by a bluish color which 
cannot be bleached out by the usual methods employed for the bleaching of 
ordinary cotton. It receives its name from occurring in the ‘bends' of the 
Mississippi River valley. The exact nature of the color and the cause of its 
formation in this variety of cotton are not known. By some it is supposed 
that the defect arises from the plant being touched by frost too early, while 
others avssume that the cause is to be found in some ingredient in the soil. 
Outside of its defective color and resistance' to bleaching, the appearance and 
quality of the fibre are otherwise unimpaired." 

We were, of course, interested in this mysterious blue, and, through the 
courtesy of the appropriate Government Bureau in Washington, we received 
a good-wsized sample of this ‘blue' cotton. Unfortunately nobody in the De- 
partment of Chemistry at Cornell was able to see any blue in the specimen and 
consequently we were unable to account for what was to us an invisible color. 
The cotton was not yellowish like ordinary raw cotton and was a grayish- 
white to our eyes. If one harks back to what one knows about washing, one 
might assume that the yellowish cotton had been turned grayish white by the 
addition of a blue pigment and that in that sense it was a ‘blue' cotton. One 
could equally as well assume that the yellow had never been developed, and 
this would (diminate the hypothc'tical blue. A k'tter to Washington asking 
how we should look at tlui cotton in order to .see the blue was treated with the 
silent scorn which perhaps it deserved. An appeal to Dr. Matthews was not 
helpful because he said that he could see blue in nearly everything, including 
graham crackers. 

The whole matter of the recognizing of blue is very much in the air. 
Rivers* has some definite views on the color vision of primitive races which 
are interesting, even though they have not been accepted generally. Speaking 
of the Murray Islanders and their ability to name colors, he says, p.55, that 
“it will be seen that there was great d<)finiteness and unanimity on the nomen- 
clature for red, rather less so for orange and yellow, less so for green, and very 
great indefinitencss for blue and violet. Soskepusoskep was evidentl}’^ the 
most definite word for green, while the word used most frequently for blue 
and indigo was bulubulu, which was the English word reduplicated and with 

* This paper is a necessary consequence of experiments supported by a grant from the 
Hcckscher Foundation for tlie Advancement of Research, established by August Heckscher 
at Cornell University. 

* “Textile Fibres,” 264 (1913)* 

* Reports of the Cambridge Anthropological Expedition to Torres Straits, 2, 48 

(1901). 
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the contiguous consonants separated [no reference to Yale]. The old men 
agreed that their own proper word for blue was golegole (black), and they re- 
garded it as quite natural to apply this name to the brilliant blue of the sky and 
sea.” 

“Of the four well-established and definite colour names of the Western 
Tribe, it will be seen that three have the same derivation as in Murray Island. 
In both tribes the common name for red is derived from blood, and the most 
usual name for green from bile, while names for yellow are derived from ochre, 
though in Murray Island there was a tendency to name blues and greens after 
the sea (karemgausgaus, sea-green, and karemgolegole, sea-black), and in the 
Western Tribe a definite name for these colours derived from the word for sea 
has become established. It is noteworthy that the sea, rather than the sky, 
should have been the source of the word for blue,” p. 62. 

“On comparing the three colour vocabularies of Torres Straits and the 
Hy River district, it will be seen that they resemble each other closely in that 
in each the words for red and yellow are far more definite and well established 
than those for other colours. In each there is also a word which is especially 
used for green, poroporo in Kiwai, soskepusoskep in Murray Island, and 
ildegamulnga in Mabuiag, but these words are not used with the unanimity 
which is present in the nomenclature for red and yellow. As regards blue, 
the three languages may be taken as representatives of three stages in the 
evolution of a nomenclature for this colour. In Kiwai there is no word for 
blue; many blues are called names which mean black, dark, dull or dirty, 
while other blues are called by the same word which is used for green. In 
Murray Island there is no proper native term used for blue. Some of the 
natives, especially the older men, use golegole, which means black, but the 
great majority use a term borrowed from the English and modified so as to 
resemble the other members of their colour vocabulary. Another word, 
suserisuseri, is used occasionally for blue and also for green, and in the absence 
of the borrowed word this might have been used more often. 

“The language of the Western Tribe of Torres Straits presents a more 
developed stage in the existence of a word, maludgamulnga, which is used 
definitely for blue, but is also used for green. In this language, however, 
traces of the tendency to confuse blue and black still persist in the use of such 
words as inuradgamulnga and kubibudadgamulnga to denote blue. 

“In dealing with Australian languages later, we shall meet with instances 
of a degree of development of colour nomenclature still less developed than 
that of Kiwai in which only red, black and white seem to have definite, estab- 
lished names. 

“There are many other languages in stages of development comparable 
with those of Kiwai, Murray Island and Mabuiag. The confusion of blue and 
black is very common. It has been noted in Melanesian language by Strauch 
(New Hanover and New Britain) and by Schellong (Malayta in the Solomon 
Islands), and I found a distinct tendency to confuse black and blue in nom- 
enclature among natives of Tanna and Lifu (see p. 85). According to Magnus, 
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the same confusion is found among the Bushman and Ovaherero of South 
Africa, the Hovas and Madagascar, the tribes of the Nilgiri Hills in India and 
the natives of Borneo. Andree quotes the same confusion as occurring among 
the Mpongwe of the Gaboon and the Caribs of South America. Keller found 
that ninety percent of the Nubians of the hills called both blue and black 
‘hadel,' while those of Suakin gave each a different name. The Nubians ex- 
amined in Germany by Virchow and others also called both blue and black, 
^hadcr. Almquist found that the C'hukchis gave the same name to dark blue 
as to black and Gibbs givCwS the same peculiarity in the Chinook language, 
light blue having a different name. The modern Egyptian peasant also uses 
the same words for black and dark blue. 

“There are other races who resemble the inhabitants of Murray Island 
in having borrowed a word for blue from another language. The English has 
been borrowed by many African races, often taking the form of ^bru.' The 
Maoris use the English word changed into ^puru.' The Battas of Sumatra use 
the word ‘balau,’ borrowed in a slightly modified form from the Dutch. They 
are also said to have borrowed the word ‘biru^ from the Malays, but this is 
probably a modification of the English word. Some races in Borneo are said 
to use a word ^lidjan’ borrowed from the Malay, and the Berbers are said to 
use a word ^samawi' (sky color) borrowed from Arabic. The Hindustani word 
‘nir is used for green and blue by several Asiatic peoples including the Tamils 
and Siamese. 

“The Samoyeds sometimes use the Russian word ^sjinioi^ for blue. In 
the Philippine Islands the words used for green and blue by several tribes, such 
as the Ilocos, Tagals, and Bisayos, have been borrowed from the Spanish, and 
one of the Araueans of South America examined by Kirchhoff also called blue 
‘azul.’ 

“The use of the same word for green and blue is very common. Many 
instances are given by Andree and Magnus in the papers already cited, and 
many other instances could be added. It will perhaps be sufficient to mention 
that one instance occurs so near home as in the Welsh language, in which 
there is only one word ‘glas’ for both green and blue. 

“In some languages one finds a w’ord used for both green and blue, and in 
addition, other words by which these colours may be distinguished. In 
Mabuiag the case was somewhat different. In this Island there were two 
words, each used for both green and blue, but it seemed as if these words were 
in process of becoming terms by means of which the two colours could be dis- 
tinguished. 

“Another feature which was common to the three languages of Torres 
Straits and the Fly River was the absence of a word for brown. Brown papers 
and wools were called red, yellow, grey or black, according to their colour tone 
and shade. In Mabuiag names were given to special browns, but it was quite 
certain that there were not generic terms for brown in the sense in which we use 
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the word. WheD a number of wools were put together which the European 
would call brown, the natives would not acknowledge that any one term would 
apply to all or even to any considerable group of them. 

**The absence of a word for brown appears to be characteristic of very 
many languages, probably of the great majority of the languages of the world. 
Among those which I have had opportunity of investigating, I have found no 
word for brown in several Australian, Melanesian and Polynesian languages, 
in Tamil, Eskimo, Welsh and the Arabic of the Egyptian peasant. The ab- 
sence of a word for brown has been noted in many other races. Bastian notes 
that the Siamese call brown ‘dam-deng,^ meaning *black-red.’ Kotelmann 
found that the Lapps called brown 'tscharpis roksad,^ again meaning ^black- 
red'. The Ainus call brown 'furiambe', red being ‘fure'. Pergens found that 
of the fifty-seven Congolese examined by him, only two could give a word for 
brown; one called it ^moindo', which was also used for black, and the other 
‘ossingaiumbay6fca,' m'bay^ta being used for pink. Gatschet records that a 
word for brown is absent from several American Indian (Amerind) languages, 
while in others there may be several terms for this colour. It is possible that, 
in the latter case the words used were names for special browns, as in Mabuiag, 
and were not true generic terms for brown. This may also be the case in other 
languages, such as Patagonian, Tomgan and Araucan, in which names for 
brown have been recorded. 

*The records given of the colour names of several parties of Nubians 
traveling in Germany show how easily mistakes may be made in such a matter. 
Kirchhoff concluded that hamasch' was a definite w^ord for brown, while the 
same and other Nubians examined by Nachtigal and Cohn gave hamisch or 
hamasch as a word for grey and for dark and impure colours generally, while 
it was also used for violet. 

“Schellong gives 'mela' as a word for brown in two Melanesian languages. 
This is probably the same word as mera, which is a common Melanesian term 
for 'red'. 

"The confusion of brown and violet is common. It will be remembered 
that both occasionally received the same names in Murray Island and in 
Mabuiag. Gatschet notes that the Kalapuya Indians of north-west Oregon 
call violet 'tdtfilu' and brown 'pddschnank tutfelu,' meaning "not quite 
violet." The Greeks use oktsadi both for violet and dark brown. Kirchhoff 
notes that the same confusion is still common in German villages, and that 
when Halle students wearing violet caps are seen, the villagers say "Here 
come the browns." Kirchhoff also notes that the middle High German 'briin' 
was used for violet. 

"There appears to have been no word in Homeric Greek which one can 
regard as equivalent to brown, and I am indebted to a note from the Rev. H. 
T. F. Duckworth that the same is true of the Greek spoken by the majority of 
the inhabitants of Cyprus at the present day. They call dark brown objects 
Moopos, which is the word in common use for black, while other brown objects 
are called KdKKtvaSf which is also applied to brilliant scarlet," pp. 66-69. 
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*^The observations so far described show that in spite of the absence or 
indefiniteness of terms for blue, this colour can be recognized by the Torres 
Straits islander, while different shades or tints of blue can be distinguished 
from one another, and the same is true of other races in which the same defect 
of colour nomenclature exists. It is, neverthc^less, possilile that there may hv 
some degree of insensitiven(*ss to this colour which mak(*s a giv(^n blue a darker 
and a duller colour than it is to European vision, and may heir) to account for- 
the confusion of this colour with black, p. 7c. 

^‘Thc observations on dir ect, vision, rough though th(\v w(Te, brought out 
one point beyond all doubt which appears to be in (H)nfli(d with the other ob- 
s(‘rvations made with the tintoriKder and coIouittI wools. TIk'H' was no doubt 
that the colour blue was recognize'd readily, (wen moi*(‘ readily than other- 
colours. The colour of tlu^ patch used was sat urat ed, but if the colour had been 
relatively dai'k to the periplu'ral retina of these people, one would certainly 
have expected the size of the field to be diminished. Schr)ler’s mor(' exact 
observations also show that in another race, pn^srmting much the same defect 
of nomenclature for blue as existed in Tor-res Straits, blue was readily recog- 
nized in indirect vision, its limit being outside that for r-ed. 

“The most ready wa}^ of reconciling the two sets of observations is to 
suppose that the defective sensibility to blue is due chiefly, or altogether, to 
the influence of the macula lutea. It is well known that owing to the yellow- 
red pigmentation of the region of direct vision, blue and green rays an^ ab- 
sorbed more strongly than in the extra-macular regions of the retina. On this 
account blue is a less intemse colour to the macular region of th(^ normal eye 
than it is to the extra-macular region. 

“There is, so far as I know, no actual evidence that tht^ yellow pigmenta- 
tion of the macula is greater in black-skinned than in the Caucasian races, but 
there is very little doubt that this must be the case. If so, the absorption of 
green and blue rays would be greater than in the European eye and may ac- 
(!ount for the i*elative insensitiveness to blue. 

“The patch of colour shown in the tintometer was j mm. in diameter at a 
distance of 32 cm from the eye, i.c. with steady and direct fixation, the image 
of the patch would fall wdioll}^ within the macular region. During movements 
of the eye and when looking at the adjoining patch, the exti-a-macular regions 
of the retina would be stimulated, but the influence of the macular pigment in 
direct fixation would probably be of most importance'. 

“If this view is correct the defective sensitiveness for blue is to be regarded 
as a function of the pigmentation rather than of the primitiveness of the 
Papuan visual organ. It is interesting in this connection that when Virchow 
was examining natives in Berlin in 1878, he found that the difficulties in nam- 
ing blue and green became very much less if he used large sheets of coloured 
paper instead of small patches,” p. 79. 

“I cannot guarantee the accuracy of these vocabularies (Queensland) as I 
can those of Torres Straits languages, but I think there can be no doubt as to 
the main features of the colour terminology of these tribes. In all cases there 
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were definite words for black, white and red, the word for red being used also 
for purple, and in some cases for orange. The Fitzroy natives seemed to 
differ from those of Seven Rivers in that a fairly definite name for yellow and 
green had also been evolved. Blue and violet were by nearly all given the same 
name as black. There appeared to be no trace of a word for brown. 

‘‘These main features appear to be generally characteristic of Australian 
languages. Kirchhoff found that some natives of the Frazer River in Queens- 
land had definite names only for white, black and red, the word for black being 
used for blue and dark colours in general. In addition to these definite colour 
names, Kirchhoff obtained as many as seventy names, which were almost 
certainly of the same kind as those used in Mabuiag, and it is possible that 
with more complete investigation I should have found the same with my na- 
tives. In the Middle Burnett district in Queensland, Semon only gives names 
for black, white and coloured. Roth states that the natives of North-West 
Central Queensland have definite names for red and yellow, and that blue is 
very often confounded with black, so far as nomenclature is concerned. It is 
perhaps worth noticing that in the comparative vocabulary given by Matthews 
in Eaglehawk and Crow^ only the words for red, white and black are included. 

“The Australian languages present a lower stage of evolution than was 
found in Torres Straits. In what one may regard as the lowest of the three 
Papuan languages, viz. that of Kiwai, there were certainly definite terms for 
red and yellow, while green was probably in progress of being distinguished by a 
special term. The Fitzroy language may seem, so far as my evidence goes, to 
be one in which a term has come into use for yellow and green, these colours 
being still classed together, while in the Seven Rivers languages the definite 
colour vocabulary appears to be limited to three terms. This stage of the 
evolution of colour language has been found in other parts of the world. The 
Todas of the Nilgiri Hills are said only to have words for white, black and red. 
Riis states that the people speaking the Akwapim dialect of the Tshi language 
in West Africa only have three adjectives for single colours, viz, fufu, white; 
tuntum, black; and koko, red. They call blue ‘bru^ obviously a corruption of 
the English word. According to Buchner, the Bantu have only three words 
for colours, one for black, which also means blue, one for white, which also 
means yellow and light, and one for red. Moncelou states that the natives of 
New Caledonia only have definite terms for black, white and red,^^ pp. 89. 

“Although the ordinary form of colour-blindness was absent in Torres 
Straits, the colour vision of the Papuans and of certain other races examined 
was certainly not of the same type as that of Europeans. I may here shortly 
sum up the reasons which have led me to conclude that the colour vision of the 
Papuan is characterized by a certain degree of insensitiveness to blue (and 
probably green) as compared with that of Europeans. To start with the 
defect of language; the races examined by me had either no word for blue or 
an indefinite one, while their nomenclature for red, and usually that for yellow, 
was extremely definite. The philological argument is, however, not a very 
strong one, for the defect of language might depend on many factors of which 
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however, physiological insensitiveiicss may l)c odo. One cannot, however, 
wholly ignore the fact that intelligent natives should regard it as perfectly 
natural to apply the same name to the brilliant blue of sky and sea which they 
give to the deepest black. I cannot help, too, attaching importance to some 
of the instances of nomenclature met with in Mabuiag. I have alrc^ady de- 
scribed how many of the oldiT natives of that island compared every colour to 
some natural object, appan^ntly showing, as regards most colours, a high 
degree of appreciation of differences of hue and shade, and yet these natives 
would deliberately compare a brilliant, and saturated blue to the (colour of 
dirl;y water or to the darkness of a night in which nothing could be seen. 
Every detail of the behaviour of the natives in connection with the naming of 
colour was consistent with the idt^a that blue was to them a darkc'r or a duller 
colour than it is to us,^’ p. 94. 

^^Thero can be very little doubt, however, that any physiological insensi- 
tiveness which may exist, can only be one of the factors determining the 
characteristic features of primitive colour nomenclature. The deficiency 
which I have found in Torres Straits is only partial, and even if one were to 
assume that other races would show the same peculiarity, this partial defici- 
ency could not wholly account for the total absence of a word for blue which 
is a feature of so many languages. To the European eye there is a much closer 
resemblance between blue and black and between green and black than there 
is between red and black and yellow and black, and this psychological fact 
was the basis of the theory of colour put forward by Goethe. The fact that 
this difference exists, alone goes far to explain the earlier discrimination of red 
and yellow in primitive language,^' p. 05. 

^ ^Another factor which may have contributed to the causation of the 
indefinite nomenclature for blu<‘ and green is the absence of aesthetic interest 
in nature on which I have already comnunited. The blue of the sky, the green 
and blue of the sea, and the general green colour of vegetation do not appear 
to interest the savagi*. It is the individual objects which he can take in his 
hands and use in his daily life which interest him, and it is to the attributes of 
these that names are given,’' p. 96. 

Titchener^ criticizes severely the conclusion of Rivers that the Murray 
Islanders are insensitive to blue. He believes that the word gok^golc means 
uniform, even, or undifferentiated, and not black. He adds that ^^the absence 
of a word for blue, if the fact stood alone, is no argument against sensitivity to 
blue. For the savage names only what interests him, and we have seen that 
his interest is directed upon the interpretation of sensory stimuli. But there 
is in Murray Island no such sensory stimulus, no object of daily use or interest 
— no pigment, for instance — of a blue color. ... I see no reason why they 
should be interested in the brilliant blue of sky and sea, for the brilliant blue 
means fine weather and calm.” 

* Proc. Am. Phil. Soc. 55 , 221-230 (1916). 
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Among us ‘^blue flowers, blue articles of dress, blue hangings and blue 
china and other [blue] household gear are common enough; and experiment 
shows that blue sky and green grass are more often associated than are red and 
yellow to any object of their color. We live in a world where blue has its 
acknowledged place. The Murray Islander does not. Blood he knows, and 
red and yellow ochre, and the brilliant deep-green gall bladder of the turtle — 
all of them objects of the highest importance in the conduct of his life; but 
blue he has no dealings with.’’ 

It has often been claimed that Homer had no especial word for blue and 
this usually arouses the wrath of some Greek scholars who believe that this 
means that the Greeks were color blind or at least were insensitive to blue. 
This does not follow at all though Gladstone^ believed that it did. We can 
accept his evidence without adopting his conclusions. The two possible 
words for blue arc Kvaveos and yXavKos- With regard to the first Glad- 
stone points out that there is no one color that can apply in all the cases 
in which Homer has used the word, p. 465. ^^The hood of Thetis is closely akin 
to black; the prow of a ship to at least a dull red; the sand is of russet or a 
lightish brown; the cloud a leaden grey; the hair and eyebrows are of a deep 
but not a dull colour; the cornice' in the hall of Alcinous must have been in 
relief and contrast as compared with the copper wall; and sufficiently light or 
clear to strike the eye at a distance, in an interior lighted at night only from the 
ground. With perhaps this exception, the word *dark^ will cover the uses of 
Kvkveos] but dark derives its force from a relation to light and not to colour.” 

In the palace of Alcinous the cornice is believed to be th(‘ native, blue 
carbonate of copper, p. 498, and ‘‘in later Greek at least, the word acquired 
other significations: such as lapis lazuli, the blue cornflower, the rockbird 
(also being blue), and, lastly, a blue dye or lacquer,” p. 496; but the blueness 
of the copper carbonate was not apparently the point that Homer wished to 
emphasize. 

Homer applies the word 7XauKt6wu ‘*to the eye of a lion, when, 
reaching the height of his wrath, he makes his rush at the hunters. The last 
of these passages seems effectually to fix the sense of the term. The word 
y\avKt6c»v describes a progression. The lion does not enhance the colour 
of his eye as he waxes angry. If, for example, y'KavKos can be taken as blue, 
it certainly does not become more blue: on the contrary, rage, when kindling 
fire in the eye, rather subdues its peculiar tint by flooding it with a vivid light. 
So the word seems clearly to refer to the brightening flash of the eye under the 
influence of passion. Of light and its movement, as also of sound and of 
beautiful form, Homer^s conceptions are even more distinct and lively than 
those of colour are, if not dull, yet at least indeterminate. 

**T\avK 6 s is derived from y\aO(T(rw; and has for its root XAw, to 
see. The meaning of bright or flashing will suit the sea as well as the 
epithet blue. And it suits Minerva far better. ‘Blue-eyed' would be for her 


‘ Homer and Homeric Age, 3, 457 (1858). 
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but a tame epithet. The luminous eye, on the contrary, entirely accords with 
her character, and belongs to a marked trait of those primitive traditions, 
which she appears to represent,” p. 474. 

The general theory has been criticized by Grant Allen, ^ who helicwes 
that ‘‘the colour sense must be a common property of all mankind, in every 
country, and in every age.” 

“Here, however, we an* (confronted by the adverse theory of Mr. (dad- 
stone and Dr. Hugo Magnus, who endeavour to convince us, on the contrary, 
that the sense of colour is quite a late and post-historical acquisition of the 
human race. From philological evidence in the A^edas, in the Hebrew scrip- 
tures, and in the* Homeric poems, they conclude that some* three thousand 
years ago the foremost tribe's (►f the* Sc'mitic and Aryan races were incaj)ablo 
of distinguishing between red, blue, gnn'u, and yellow. Starting from such an 
imaginary primitive stat(*, they trace up the devc'lopment. of the colour-sense 
through the suceex'ding ag('s, marking out four principal stages in the growth 
of the perception. All this startling theory they set forth on purely philolog- 
ical grounds. I shall give briefly the main {mints of their hy{)othcsis, almost 
in the very words of Mr. Gladstom'. 

“The starting-point is an absolute blindness to colour in the primitive 
man. Thence, in the progressive' education of the organ, three chief colours 
have been successively disclosed to it, and have* appeared in the order of their 
greater or less rcfrangibility — red, green, violet. The first stage attained is 
that at which the eye becomes able to distinguish between red and black. Red 
comes first into our perceptions, because* it is tin* most luminous of the colours; 
but, says Geiger, in the Rigveda white and red are hardly severed. In the 
next stage of the development, the sense of colour becomes completely dis- 
tinct from the sense of liglit. Both red and ycdlow with their shades (including 
orange) are now clc'arly discerned. To this stage Magnus refers the Homeric 
poems, in which n'd and yellow colours are s(it forth, while no mention is made 
(according to these authoritii's) of green or blue. The characteristic of the 
third stage is the recognition of colours which in point of luminousness belong 
to neither extreme, but ai’c in a mean, namely, green with its varieties. Final- 
ly, in the fourth stage of the devc'lojwnent , we find an acquaintance with blue 
begins to emerge. This is a stage not even now reached universally; for 
example, in Burma (it is alleged by Bastiaii) a striking confusion between blue 
and green is a perfectly common phenomenon, and a like confusion is not 
unusual among ourselves by candle light. 

Of course, the first point which strikes an evolutionist on being confronted 
with this elaborate theory is the utter inadequacy of the time assigned tor 
the origin of such strong and fundamentally differentiated sensations as those 
of colour. Had Dr. Magnus said three million, or even thirty million years, 
the evolutionist could have hesitated on the score of insufficient elbow-room ; 
but when our author suggests three thousand years for the growth of a radi- 

‘ The “Colour-Sense,'’ 202, 207, 212, 218, 254 (1892). 
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cally separate set of sentient organs, our incredulity becomes absolute and 
irrevocable. It would be useless, however, to oppose the doctrine on such 
purely a 'priori grounds, only efficient for those who accept the general hypoth- 
esis of evolution; and we must therefore seek to discover what a posteriori 
arguments can be urged on the other side, against the philological evidence of 
Mr. Gladstone and Dr. Magnus. 

^ ‘There are two kinds of proof for the universality of the colour-sense in 
man which we may offer in opposition. The first method consists in showing 
that all human races at the present day, including the lowest savages, do 
actually possess just the same sense of colour as ourselves: whence we may 
argue with considerable probability that they derive that sense from a com- 
mon ancestor, and that the Homeric Akhaians were not likely to be destitute 
of perceptions possessed by the Bushmen, the Australians, and the hill-tribes 
of India. The second method consists in showing that works of art and other 
remains of the early historical races of pre-historic man yield evidence that the 
colour-sense was fully developed long before the epoch of the Iliad or the Book 
of Genesis. Both these methods of proof we shall employ here.'' 

The Ojibways “can distinguish clearly between blue and green, and also 
between blue and violet, though they have no distinctive name for the latter 
colour. They have, however, no less than seven different colour-names, in- 
cluding separate words for green and blue. Other correspondents mention 
like facts of other tribes. In all, the power of discrimination seems quite equal 
to our own, though the nomenclature generally extends only to four or five 
most markedly different colours.^' 

“As regards the Malay archipelago generally, Mr. Wallace's vocabularies 
contain words for black, white, red, and blue in thirty-three Malayan lan- 
guages. Mr. W. Gifford Palgrave mentions white, yellow, red, green, and blue 
among the dyes used by the Philippine Islanders. ... I may add that when- 
ever I have had the opportunity of consulting intelligent travellers upon this 
subject, they have always at once given their opinion that the savages with 
whom they were conversant distinguished all colours perfectly. . . . 

“Such are a few selected instances from the mass of evidence which might 
be adduced in favour of the belief that all existing races possess a fully-devel- 
oped colour-sense. I think they will probably suffice to show the general 
truth of our proposition. If savages so low as some of these actually enjoy 
such high powers of discrimination, can we consistently deny the like to the 
early Hebrews and Akhaians? I have not so high an opinion as Mr. Glad- 
stone of the rude Homeric warriors or the fierce conquerors of Lower Syria, 
but at least I cannot believe that they were less advanced in simple sensuous 
perceptions than the naked Todas or the wild half-human Andamanese. 

“Now let us go on to inquire whether we cannot find abundant proofs of a 
highly evolved colour-sense long before the period to which the criticisms of 
Geiger and Magnus refer, ... An inspection of the existing remains in the 
Louvre and the British Museum will sufficiently prove to the most sceptical 
that the colour-sense of the Assyrians was essentially identical with our own. 
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... A few hours spent at the British Museum, especially amongst the 
mummy-cases will do more to convince the rcadtT of the Egyptian colour- 
sense than pages of quotation.’’ 

‘‘We may rest content with the cases of the Egyptians and the modern 
savages, having the post-historical theory here on the horns of a dilemma 
which it cannot easily escape. If, on the one hand, we put forward only the 
case of Egypt, it might be answered that the development of a colour-sense is 
a question of relative culture, not of mere chronological order; and if, on the 
other hand, we put forward only the case of modern savages, it might be 
answered that the development of a colour-sense is a question of chronological 
order, not of relative culture; but if we put forward the two cases together, it 
will hardly be possible for any one to shirk the first difficulty by answering us 
in one way, and then to shirk the second difficulty by answering us in the other. 

“When we examine the extraneous arguments by which the theory is 
supported, we find that they have very little real weight. Thus it has been 
suggested that colour-blindness may be a survival from this earliest type of 
vision; but when we look a little deeper into the question we recollect that the 
commonest form of colour-blindness is that which cannot discriminate red 
from green — whereas red ought, according to the theory, to be the most univer- 
sally discriminable of all — while it is yet quite able to discriminate? green from 
blue. Furthermore, there is a good reason for bf‘lieving that colour blindness 
is far commoner in civilised communities than amongst savage tribes. Accord- 
ing to M. Favre, no less than 3,000,000 persons in France? are afflicted with 
this defect, while Stilling places the proportion in Western Europe generally 
at five percent. On the other hand, the abnormality appears to be infrequent 
or unknown amongst the lower races; so that it must be regarded rather as a 
disease of civilisation than as a survival from the primitive state.'’ 

“Primitive man in his very earliest stage will have no colour terms what- 
soever. He will speak of concrete objects only, and wh(?n he uses their names 
he will use them as implying all their attributes. He does not need to say red 
blood j for all blood is red; nor green leaves, for all leaves are green. Blood and 
leaf by themselves arc quite sufficient for every one of his simple pui*poses. 

“But when a man comes to employ a pigment, the name of the pigment 
will easily glide into an adjectival sense. The earliest colour terms will thus 
be produced. I learn from Mr. Whitmee that the Samoans use three kinds of 
pigment — a red volcanic eart,h, a molluscan purple, and a turmeric; and the 
names of these three pigments are applied as colour terms. So, too, many 
other informants have given me like instances with other races. A large pro- 
portion of our own colour terms are derived from dyes or pigments. Such as 
crimson (or cramoisi) from the Arabic karmesi, the kermes; vermilion or z’cr- 
meil, from verniiculns, because it was supposed to be the product of a worm; 
gamboge, from Cambodia, the place of its export; indigo, from Spanish indico, 
the Indian dye; and saffron, from the common English plant. 

“Moreover, we saw that red is the earliest colour used in decoration, and 
accordingly it is the earliest colour which receives a special name. This fact 
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has been fully brought out by the researches of Geiger, Magnus, and Mr. 
Gladstone; and it will not therefore be necessary to accumulate further proofs 
in the present volume. The early prominence of red, however, has left some 
curious traces in language, as well as in art, to the present day, which deserve 
a passing notice here. Thus the Indo-European dialects contain a number of 
words for this colour from a common root — e-ruth-ros, rubeuSy russuSy ruadhy 
TOthy redy rougcy robbiOy rouXy ruddy, etc. ; while there is no such widespread and 
common root for blue — caeruleuHy blau, aiul — nor for green — chldros, viridis, 
griln. Again, we English have a great number of subordinate colour terms in 
popular use to express the various shades of red, such as mmson, scarlet , ver- 
milioriy rosy, and pinky besides less definite words like cherry, ruddy, russet, 
carnation, blushing, sanguine, or ensanguined, ruby, and roseate] but we have 
few or no words to express the shades of green, while physicists have had to 
introduce the conventional terms indigo and violet to designate the widely 
different but unnamed hues which result from the quickest light-waves. Once 
more, while the nouns of brightness and its opposite give us the verbs to 
lighten and to darken, to whiten and to blacken, and while the primitive art- 
colour, red, gives us the verb to redden, we have no such words in our language 
as to bluen and to greenen. And it is a significant fact, as regards the aesthetic 
position of green, that whereas the use of ^blue^ in laundries has given rise to a 
technical verb of washerwoman, to blue, we have absolutely no verb meaning 
to green or to verdigris. Finally, the mixed colours, orange and purple, into 
which red enters as an element, have separate popular names, but no other 
mixed colours have any but technical designations; and while these red-like 
words, with yellow, the adjunct of red, yield us the verbs to purple, to crimson, 
to encarnadine, to ensoffron, and so forth, I cannot call to mind a single similar 
expression with reference to the less refrangible rays. 

^‘During the period or stage in which red forms the main or only decor- 
ative colour, red alone has a conventional or abstract name. All other hues 
are spoken of by comparison with well-known objects. It is not the habit of 
the early mind to refer to the sky as blue, or the leaves as green] on the con- 
trary, it speaks of blue things as ‘^sky-faced^^ (caeruleus), and of green things 
as “sprout-like'^ (viridis, connected with virere] grun, green, connected with 
grow). The primitive man would no more think of saying that the sky was 
sky-faced, or the leaves leaf-like, than we should think of talking about an 
orange orange, or a lilac lilac. 

“But so soon as the blue becomes a recognized art-colour, either through 
the use of pigments or of decorative jewels, a name for blue springs up. One 
of the commonest in Europe is that of azure, azur, or azul, derived from the 
Persian Idzur, lapis lazuli. We have already seen that this stone was very 
early imported from the east, and it was natural that it should give a name to 
the hue in question, because it was largely employed for artistic purposes. 
Emerald and turquoise are similarly used at the present day to designate vari- 
ous shades of green. 
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this second or red-blue stage, the word for blue seems often to be 
applied also to green. This is not surprising when we recollect how very little 
difference really exists between these tivo colours. Indeed, I am convinced 
that we only have separate names for them at all because the commonest 
green in nature, that of foliage, and the commonest blue in nature, that of the 
seldom-seen open sky, are so very wide-spread and so much more strikingly 
different from one another than most blues and greens. But if we look at a 
turquoise, it is very hard to say whether we should assign it to the former or 
the latter colour; w^hile the sea is just as often the one as the other. The orig- 
inal assumption of some natural object on the borderland between the two as 
the concrete name-standard would (juite sufficiently account for the common 
confusion between thtmi in language. As a matter of fact, Mr. Whitmee in- 
forms me that the word for blue in Samoan is literally sea-colour. The Welsh 
use glas indiscriminately for both; and the Assyrians, according to Mr. Sayce, 
described green as either blue or yellow; but we know in each case that the 
colours themselves were or are accurately distinguished. The Quiche Indians 
had also one word rax^ for green and blue; yet there can be little doubt of 
their proper perceptions. I believe that the same explanation must be offered 
of the alleged fact that the Burmese confuse these two central colours; but I 
have not been able myself to examine Bastian’s account, and the gentlemen 
in Burma to whom I addressed inquiries on the subject did not reply to my 
circulars. At any rate, in Burmese works of art., blue and green are accurately 
discriminated, and blended with great taste. Certainly, Professor Blackie 
showed, at a meeting of the Royal Socic^tj'^ of Edinburgh, that the Highland 
Scots, who call sky and grass both gorm, could discriminate perfectly between 
the two colours when ti*i(*d by practical tests. It may be added that certain 
hues wdiich we ordinarily class roughly together as reds, for instance that of 
bricks and that of some light pink geraniums, are quite as far apart from one 
another in consciousness as the green of the emerald and the blue of the sap- 
phire. 

Wundt^ agrees absolutely with Grant Allen for he says that “the false 
conclusion from the relation between the vocabulary and the sensation has 
even caused peoples to assume that the perception of blue developed later than 
that of other colors because, for instance, the term for blue in Homer coincides 
with the one for black.- The error in this assumption has been demonstrated 
over and over again by tests on the colour sensitiveness of primitive peoples 
whose colour vocabulary was more rudimentary than that of the Greeks at the 
time of Homer. “ 

It is quite possible that blue may have been considered unconsciously as 
an intermediate stage between gray and black. The blue sky certainly merges 
imperceptibly into gray on the one hand and into black on the other. It is 
something of a question what color one would call the sky on a moonlight 
night. Most people would say blue; but nobody could say at what point the 

1 ‘‘Grundriss der Psychologie,” 77 (1920). 

* Lazarus Geiger: *‘Zur Entwicklungs-geschichte der Menschheit” (1871). 
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color changed to black with a waning moon or with increasing thickness of 
clouds over the moon. A very deep blue surface cannot be distinguished from 
black except in a good light. 

The dinfusion of blue and gray is quite extraordinary so far as the every- 
day language of sportmen and breeders is concerned. We have blue pigeons, 
blue rabbits, blue Andalusian fowls, blue geese, and blue foxes, all of which are 
gray and not blue. There are long-haired and short-haired blue cats; and 
one breed of terriers, now extinct was known as blue Paul. The blue boar is 
really blue only on sign-posts of country inns and the blue roan horse is not 
blue. I have never known of blue turkeys; but I have seen what were called 
lavender turkeys and they were gray. 

South Africa used to rejoice in the blue antelope or blauwbok, the blue- 
duiker, and the brindled gnu or blue wildebeest, none of which were blue. In 
India the case of the nilgai is especially interesting to chemists because the 
first syllable occurs in aniline,^ which was so named because it was first pre- 
pared by the distillation of indigo. It is evident that all over the world it is, 
and has always been, the custom to confuse blue and gray, so far as the lan- 
guage is concerned; but I doubt very much, whether the most enthusiastic 
follower of Gladstone would claim that these people could not distinguish blue 
from gray. Blue means blue; but it is also a euphemism for gray. 

In view of the fact that the flounder can duplicate red, yellow, green, and 
blue fairly well, it seems probable that even primitive man could also differen- 
tiate these colors though he may not have had names for them. Of course 
some men are color-blind ; but, so far as our experience goes, there is less color- 
blindness among savages than among the more civilized peoples. Parenthet- 
ically it might be pointed out that it would be a very interesting and relatively 
easy problem for a psychologist to determine whether color-blindness occurs 
among flounders and, if so, whether the types are the same as among men. 

Mr. Agassiz has put the matter pretty clearly. “It certainly seems to me 
from a physiological point of view, very hazardous to infer, as has been fre- 
quently done on philological grounds, the gradual development of the sense 
of color in early races of mankind, from the color descriptions of Homer and 
and early Greek writers. Certainly the facility for painting and coloring, 
noticeable in the pottery of the uncivilized races of the world seems un- 
favorable to this theory.” 

Cornell University, 


^ Matthews: “Application of Dyestuffs’^, 410 (1920). 

2 Mast: Bull. Bur. Fisheries, 34 , 173 (1914); Kuntz: 35,1(1915). 

* G. R. Agassiz: “Letters and Recollections of Alexander Agassiz,” 157 (1913). 



NOTE ON NEGATIVE CATALYSIS 


BY J. A. CHRISTIANSEN 

H. S. Taylor^ has recently proposed an interesting explanation of the 
phenomenon of negative catalysis in homogeneous systems based upon the 
supposition that the formation of molecular compounds with the negative 
catalyst prevents the molecules from reacting. Although this explanation is 
possible in some cases, it seems to me that it certainly cannot be so in others. 
As I discussed this problem some two years ago in a Danish paper^ which has 
only been translated in part into German, I should be glad to take this oppor- 
tunity of discussing the matter once more. 

In recent years our knowledge of bimolccular reactions has developed so 
far that we are able to form a somewhat definite picture of the mechanism 
thereof. This knowledge can be traced back to a paper by Arrhenius®. The 
more recent development is due to Kruger^, Goldschmidt®, Marcelin®, W. C. 
McC. Lewis^ and others. The first condition for a reaction to occur is a colli- 
sion between the two molecules in question. However, when the reaction is 
not immeasurably fast, only a minute friction of the colliding pairs of molecules 
react, viz. those whose energy exceeds a certain value. On this assumption we 
are able approximately to estimate the reaction and calculation shows that 
approximately 



Here 5 denotes the gas-kinetic collision number and Q the mean difference 
between the energy of the reacting and the non-reacting pairs of molecules. 
The equation simply expresses that the number of molecules reacting is equal 
to the product of the number of colliding molecules and the probability for a 
pair of molecules to have the required energy. 

Equation (i) has been verified experimentally in several cases and there 
seems at present to be no other serious objection against the underlying hy- 
pothesis than that it seems to exclude the possibility of negative catalysis. If, 
namely, we admit to the reacting mixture a small quantity of a foreign gas, 
this gas cannot alter either the number of collisions or the energy distribution 
of the colliding molecules appreciably, i,e, neither of the two factors in Equa- 
tion (i). Of course the possibility exists that a certain fraction of one or both 

' J. Phys. Chem. 27, 322 (1923). 

^ Reaktionskinetiske Studier, Diss. Copenhagen, (1921). 

® Z. phys. Chem. 4 , 226 (1889). 

^ Gdttinger Nachrichten 1908, pp. 1-19. 

* Physik. Z, 10, 206 (1909). 

* Ann. phys. 3, 120 ^1915). 

^ J. Chem. Soc. 1915 and following years. 
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of the original gases can form non-reactive compounds with the foreign gas, 
but this fraction must be small if the ratio between the number of molecules 
of the latter and the former gas, respectively, is small. 

This remark is important because it seems that Taylor does not grant its 
correctness. He compares the case with that of a warden caring for one hun- 
dred lunatics. ‘The wardens would be powerless were all the lunatics simul- 
taneously violent. Only at intervals does an occasional lunatic become a 
candidate for a padded cell. The warden cares for him, the gentler ninety-nine 
do not require attention.^* But this analogy is false because we cannot assume 
the molecules of the inhibiting gas to be intelligent and combine just with 
those molecules which they perceive being about to react. 

The possibility remains that the molecules of the inhibitor are able to pre- 
vent the elementary reaction by ternary encounters with the reacting pairs 
of molecules, e.g. by going off with part of the energy necessary for reaction. 
But just as was the case in the compound-formation theory, if the number of 
inhibiting molecules is small as compared with the number of the reacting ones, 
this effect cannot alter the reaction velocity appreciably. 

Thus it seems, that homogeneous negative catalysis should be impossible 
if the mechanism pictured above is correct. However, it is not so because we 
have not yet taken into consideration the full consequences of our hypothesis. 
It is necessary also to take into account that the molecules of the reaction 
products just after fche reaction possess an available energy greatly in excess of 
the mean energy at the temperature considered. Not only do they contain the 
energy (usually denoted as the critical energy) which was necessary for the 
reaction to occur, but, as is well known, the reaction is very often accompanied 
by an evolution of heat which must appear in the resulting molecules from the 
reaction as kinetic energy or potential energy easily transformable into 
kinetic. 

Now these very “hot^^ molecules have sufficient energy to activate mole- 
cules of the reactants at the first encounter, and when these react, the result- 
ants in their turn again are able to act as activators and so on. Consequently, 
it is possible that the occurrence of one elementary reaction will give rise to a 
whole series of such reactions. 

That something like this sometimes will occur was supposed by M. 
Bodenstein^ as early as in 1913, and he used this assumption (the hypothesis 
of “chain-reactions* 0 to explain the velocity of the photo-chemical formation 
of hydrogen chloride. Later on Bodenstein himself,^ Nernst* and others dis- 
cussed the kinetics of such reactions in more detain and finally the hypothesis 
was tested experimentally by WeigertS who succeeded in proving it in a rather 
direct way, and consequently we must admit both on theoretical and experi- 

* Z. physik. Chem. 85 , 346 (1913). 

* Z. telektrochem. 22, 63 (1916). 

* Die theoretischen und experimentellen Grundlagen des neuen WArmesatzes, p. 134 

(1918)- 

* Weigert and Kellermann: Z. Elektrochem. 28 , 456 (1922). 
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mental reasons that such chain-reactions are in fact possible. We must add 
that there is no reason to be seen why they should not occur also when the 
reaction is a thermal dark reaction.^ 

Wc are now able to understand the phenonienon of negative catalysis. 
The velocity of the chain-reaction is obviously equal to the number of chains 
starting per second multiplied by the number of links in each chain. We 
should expect that the former number could bo evaluated by means of Equa- 
tion (i) and cons('quently we cannot expect this factor to depend on the pres- 
ence of small quantities of foreign molecuk^s to any considerable degree. But 
the latter number obviously desponds on the probability of the breaking of a 
chain and this probability can be altered considerably by the admixture of 
small quantities of a foreign gas, the mokauiles of which are able to take up 
the energy from th(‘ “hot’^ molecules of the reaction products or to react with 
them in some* way or another. 

A somewhat detailed discussion of the kinetics of a chain-reaction, viz. 
the formation of hydrogen chloride is to be found in a paper by R. Gbhring^ 
and also in my Danish paper. In these two papers it is shown that the oxygen 
according to Bodenstcin^s experiments and the above theory acts as an inhib- 
itor by removing the active hydriigen moliTules (or atoms?) resulting from tho 
elementary reaction, and not by inactivating the active chlorine molecules 
(atoms?). 

The theory enables us not only to understand the occurrence of negative 
catalysis but by reversing the argument we are able to discover instances of 
chain-reactions. If we find homogeneous reactions which are inhibited by 
minute quantities of foreign substances, it is often possible to conclude that 
chain-reactions occur in th(» mixture. As typical instances we might mention, 
b(?sides the hydrogen chlorine reaction, the oxidation of phosphorus at ordi- 
nary temperatun* and th(' oxidations of different organic substances (c.g. 
acrolein) studied by Moureu and Dufraisse.^ 

Although apparentl}^ the last-mentioned reactions are not homogeneous, 
a more detailed analysis probably will show that they are in fact so. Also they 
both have the characteristics of chain-reactions to such a degree that it seems 
impossible to explain their peculiarities by the hypothesis that the inhibitor 
covers the surfaces of the oxygen acceptors. 

Finally it must be remarked that the above view does not necessarily 
cover the case of the dissociation of oxalic acid dissolved in concentrated sul- 
phuric acid. 

* In my Danish dissertation I proposed for reactions which arc going on in a system in 
thermal equilibrium the name homothermal reaction.s, while reactions which are brought 
about by radiation (e.g. from the sun) or molecules (e.g, from a glowing wire not in thermal 
equilibrium with the reacting mixture could be named heterothermal reactions. 

* Z. Elektrochem. 27 , 51 1 (1921). 

» Compt. rend. 174 , 258 (1922); 176 , 624, 797 (1923)* 

As will be seen from the above the hypothesis st;t forth by these authors concerning 
the mechanism of this reaction is not sufficient to explain the inhibitory action of so smafl 
quantities of hydroquinone, but it becomes so if the occurrence of chain-reactions also is 
taken into account. 
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Contrary to what was the case in the above reactions we have here in the 
system a component (H2SO4 )which is reversibly dissociable with formation of 
two or several substances in small concentrations, one of these being the inhib- 
itor, in this case, water. Consequently if we assume the velocity of the reac- 
tion 

(COOH)* — CO2+CO+H2O 

to be determined by the concentration of SO3, i.e. if the primary reaction takes 
place between (COOH)2 and SOn we understand at once that a small increase 
in the concentration of water can give rise to decrease of the velocity on ac- 
count of the displacement of the equilibrium 

H 2 S 04 5=±H20 + S02 

That this assumption has some reality in it we see from the remark in 
Bredig’s* paper that addition of 1% SOs to the 100% H2SO4 increases the 
velocity to such a degree that it becomes unmeasurably fast. 

On the other hand it seems to me that the mechanism of the inhibition 
pictured by Taylor, viz. that the water forms a comound with the sulphuric 
acid or (and) with the oxalic acid cannot possibly be the true one. However 
complete the compound-formation between the acid and the water be, water 
in small amounts can never appreciably alter the concentration of the sub- 
stance ( (C00H)2 and H2SO4) which according to his picture determines the 
velocity. 

Generally speaking it seems that the reaction-mechanisms in the known 
cases of negative catalysis are so different that they can hardly be considered 
from one single viewpoint but they must be divided into several classes, one of 
which includes the important cases of chain-reactions mentioned above. 

Chemical Laboratory ^ 

Unif>er$ity of Copenhagen. 

^ Bredig and Lichty: Z. Elektrochem. 12, 450 (1906). 



ELECTRODEPOSITION OF ANTIMONY 


BT JNANENDKA CHANDRA GHOSH AND A. N. KAPPANA 

Very little literature is available on the electrodeposition of antimony. 
Only two baths for this purpose appear to be quite well known for a very long 
time, viz: (i) the ‘tartrate bath' or a hydrochloric acid solution of tartar 
emetic, and (2) the ‘sulphide bath' which is a solution of thioantimonate of 
sodium or potassium. Very recently Mathers and Means’ have published two 
papers on the subject. One of these deals with the examination of certain 
solutions containing antimony salts and the other with a new bath. This 
latter is a solution of antimony fluoride in water mixed with an excess of hydro- 
fluoric acid; the authors recommend this bath as being the best one. The 
present investigation was undertaken with a view to make a scientific exam- 
ination of the solutions already known for the deposition of antimony, to 
determine the exact conditions governing the forms^tion of a satisfactory elec- 
tro-deposition of the metal, and to devise a bath on a theoretical basis. 

Experimental Details 

The electrolytic vessel consisted of a beaker of 300 cc. capacity fixed in the 
middle of a constant temperature water bath. By the regulation of the size of 
the gas flame heating the temperature could be kept constant to within 
o°.5-i°. Constant and vigorous stirring of the electrolyte was maintained 
throughout in all the experiments, by means of a stirrer (glass) which rested 
on the bottom of the beaker over a ground glass plate, and was connected to an 
electric motor by a thread, the rate of rotation of which was regulated by 
means of a high resistance rheostat put in series with the motor and connected 
to the mains. 

The discharge potential was measured in all cases against a decinormal 
calomel half-element, while the electrolytic current was passing through the 
main circuit, no commutator arrangement being made. For this purpose the 
cathode used was a small strip of polished platinum 2cmX icm and only one 
antimony anode was used. 

While measuring current efficiencies a silver voltameter was interposed 
in the circuit and was taken as standard. 

Copper plates of size 5 cm X 3 era were used as cathodes to test the nature of 
the deposits. These were highly polished and thoroughly cleansed before 
being introduced into the bath. While taking the deposits two antimony 


' TVans. Am. Electrochem. Soc. 31 , 289 (1917). 
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anodes were used, one on each side of the cathode. These anodes were sticks 
about 1.5cm in width of chemically pure antimony supplied by Kahlbaum. 
In all cases of antimony deposition it is a very necessary condition that the 
anodes must be of the purest possible metal; for it was found in the course of 
this investigation that the anodes which were once used in the sulphide bath, 
when used again even after repeated cleaning, in the bath recommended at the 
end of this paper, hindered considerably the formation of satisfactory deposits, 
while fresh anodes gave an entirely good deposit. This is in all probability 
due to some slight traces of sulphur carried from the sulphide bath which could 
not be removed by cleaning the surfaces of the anodes. 

The chemicals used in the experiments described in this paper were all 
chemically pure and were those supplied by Merck and Kahlbaum. In what 
follows, the term ‘critical cun*ent-density’ is used to mean the current density 
beyond which the deposit turns black. 

The Examination of Some Baths 

The Tartrate Bath : — Barclay and Hainsworth, in their treatise on ‘Elec- 
tro-plating' recommend the following bath as being a very reliable one. 


Tartar emetic 4 lbs. 

Hydrochloric acid 2 lbs. 

Water i lb. 


A solution of the same composition is also recommended by Gore'. Since 
tartar emetic is the starting point for this solution, it was thought necesary 
to examine a solution of this salt alone in water to find the difference in the 
nature of the deposit, caused by the addition of such a large amount of hydro- 
chloric acid. A half-normal solution was used and deposits taken at different 
temperatures. The results are summarised in Table II. 

Table I 


Temp Quality of deposit Grit. C. D. Current efficiency 


22® . 5 Very black and spongy 87.01% 

40® Greyish white 15 Milli-Amps 

50® Whiter than at 40 87 -45% 

70® Resembles dull aluminium 

surface 87 . 26% 

90® Perfectly white 3 5 Milli-Amps 93 • o i % 


Fig. I gives the curves obtained by plotting the values for discharge 
potentials against current. 

The solution prepared in accordance with the formula given by Barclay 
and Hainsworth (loc. cit.) was found to be unstable as it threw down a heavy 
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precipitate after standing for some time. A few trials showed that a solution 
having the following composition was quite stable and gave a brilliant white 


deposit. 

Hydrochloric acid (S. G. 1,16. Merck) 200 cc. 

Tartar emetic 100 gms 

Water 100 cc. 


The discharge potential and current efficiency were next determined at 
various temperatures up to 90°. Fig. 2 gives the discharge potential curves. 
The current-efficiencies are given in Table I. 

Table II 

Temperature 20^.5 40° 50° 

Current Efficiency 99-9% 65.04% 3i-i9% 

The current efficiency fell very rap- 
idly with increase in temperature. 

When attempts were made to obtain a 
thick deposit on a copper plate, it was 
found that although the deposit came 
out uniformly for some time, big crys- 
tals began to form on the surface and 
prevented uniform deposition. This 
could not be remedied by varying cur- 
rent density. The deposit became worse 
with increase of temperature and turned 
somewhat black. 

The Sulphide Bath : — Barclay and 
Hainsworth* give the following formula 
for the preparation of a sulphide bath. 

Fig. 1 


Antimony trisulphide 250 gms 

Sodium carbonate 500 gms 

Water 5 litres. 


The sodium carbonate was first dissolved in water and boiled. Antimony 
sulphide was next added in small quantities to the boiling solution and the 
whole boiled for about half an hour. The solution had to be worked while 
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boiling; but the deposit obtained on a copper plate was dark grey and did not 
take a good polish. The current efficiency and discharge potential were not 
therefore determined for this solution. 

A solution of thioantimonate, prepared by dissolving a mixture of anti- 
mony trisulphide and sulphur in a saturated solution of sodium sulphide, 
when electrolysed at 70® and above, with the addition of some potassium 

cyanide, also did not give satisfactory 
deposit. Only thin deposits of a dark 
grey colour could be obtained. This 
solution was then diluted twice, thrice 
and four times and deposits taken. In 
no case was a satisfactory deposit ob- 
tained. Hence the current efficiency 
and discharge potential measurements 
were not made for this solution either. 

The Sulphate Solution: — In the pres- 
ence of a large amount of sulphuric 
acid, a small quantity of antimony sul- 
phate goes into solution. This solution 
when electrolysed while boiling gave a 
fairly good deposit which took a good 
polish; but hydrogen was evolved very 
copiously at the cathode even at very 
low current densities and only a very 
thin deposit was obtained after passing 
the current for a long time. This solu- 
tion is evidently unsuitable for purposes 
of electro-plating, for the current effi- 
ciency is very low. 

Solutions of Antimony Trichloride 
in Organic Solvents: — Antimony trichlo- 
ride dissolves in various organic solvents 
forming complex ions in solution. It 
was thought worth while to see if the deposit obtained from any of these 
solutions would be of a saitsfactory nature. Solutions were made with the 
following solvents: — acetone, glacial acetic acid, nitrobenzene and benzalde- 
hyde. The best deposit was obtained from the acetic acid solution; the 
colour of this deposit was bluish white. Next was the one from acetone 
Both these deposits peeled off after three days. The other solutions gave 
very bad deposits. In general these solutions are unsatisfactory for use both 
because of their high resistance and because of the unsatisfactory nature of 
the deposits got from them. 
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The Fluoride Bath : — Finally the fluoride bath of Mathers (loc. cit.) was 
examined. The solution prepared for this purpose was not exactly of the same 
composition as the one given by Mathers and Means. Solutions of hydro- 
fluoric acid of different concentrations ranging from one percent to twenty 
percent were prepared and saturated with freshly precipitated antimony oxide. 
The solutions were electrolysed in a glass beaker coated with paraffin; the 
glass stirrer was also paraffined. Deposits were first taken without the addi- 
tion of any extra free HF. and then 
with the addition of the acid in different 
proportions. It was found that the fine- 
ness of the deposit was not necessarily 
dependent upon the concentration of 
antimony in the solution. In fact some 
of the deposits from the more dilute solu- 
tions were far finer in structure than 
some from more concentrated solutions. 

Deposits taken without the addition 
of free acids were in general rough and 
hard and took a polish with great dffi- 
culty; on the addition of free acid how- 
ever the deposits became far finer. The 
best deposit was obtained from a solu- 
tion which was first made by dissolving 
antimony oxide in a solution of 17% 

HF and to which 6% of extra acid was 
subsequently added. Further addition 
of acid to this solution did not improve 
the deposit, although the addition of ex- 
cess of acid rendered the deposits much 
finer. They were quite as hard as be- 
fore, for the same diflSculty in polishing 
was experienced. The addition of small quantities of aqueous solutions of 
citronella and bergamot oils rendered the deposits far finer and smoother, 
f^ig, 3 gives the discharge-potential curve for the solution of composition 
(17% HF solution neutralised with antimony oxide, 6% free HF). The 
current efficiency was found to be 99.0%. 

« Inferences from the above Examination 

The dep)Osit from tartar emetic solution alone at room temperature was 
found to be quite black, while the solution containing both tartar emetic and 
HCl gave a brilliant white deposit which was even far superior to the deposit 
from tartar emetic solution at 90°. This difference was evidently due to the 
influence of HCl. 



.^5 .59 .45 .47 .51 .55 


Fig- 3 
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To see if this property of improving the nature of the deposit was a pecu- 
liar characteristic of HCl, or whether acids in general could exercise this influ- 
ence, the effect of the addition of a number of acids on the nature of the deposit 
was tested, the results of which are summarised in Table III. 


Table III 



Acid T 

Temp 

Quality of deposit 

I. 

N. Tartaric acid 

22° 

Dark grey and smooth. 


-do- 

60° 

Dull white and smooth. 


-do- 

90° 

Perfectly white 

2. 

2.N. -do- 

22° 

Dull white and smooth. 


-do- 

60“ 

Slightly better than at 22°. 

3 * 

N. formic acid 

22° 

Whiter than the deposit taken 
from N. tartaric acid at 60°. 


-do- 

60° 

Perfectly white. 

4. 

2N. Formic acid 

22° 

Quite white and smooth. 

-do- 

70° 

Better than at 22°. 

5 - 

Monochlor-acetic 

22° 

Better than the deposit with 

N. Formic acid and brighter. 


-do- 

70° 

Bluish white and lustrous. 


The acid solutions were first prepared and then saturated with tartar 
emetic. These experiments proved beyond doubt, that the acids in general 
exercised a beneficial influence on the nature of the deposit while added to the 
tartar emetic bath. It was further observed that the deposit became better as 
the strength of the acid and the quantity added increased. 

To see if the potassium ion in tartar emetic was in any way responsible for 
the dark colour of the deposit obtained from this solution without the addition 
of any acid, a deposit was taken from a solution of antimony tartrate which 
was prepared by dissolving antimony oxide in a boiling solution of tartaric 
acid. This deposit was greyish white resembling the one taken from a solu- 
tion of tartar emetic in normal tartaric acid. This meant that the elimination 
of potassium radicle was as efficacious as the addition of extra tartaric acid to 
tartar emetic in improving the colour of the deposit. On the addition of 
hydrochloric acid to this solution of antimony tartrate the deposit became 
brighter and whiter; the addition of thirty percent by volume of the acid gave 
a brilliant mirror of antimony on a polished copper cathode. This solution 
appeared therefore to be superior to the tartar emetic solution containing 
hydrochloric acid, in so far as it required a very much lesser quantity of acid 
to give a deposit of even better quality. 

The solution was made as follows: 500 grams of tartaric acid were dis- 
solved in a litre of water and boiled. To the boiling solution antimony oxide 
was added in small quantities until no more could go into solution. To the 
filtered solution 30% of hydrochloric acid was added. (HCL 1. 16 S.G) Solu- 
tions of lesser concentrations did not give good-looking deposits. The cathode 
potential and current-efficiency were next determined. Fig. 4 gives the cur- 
rent potential curves at various temperatures. The current efficiency varied 
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between 95.4% and 97.1% when the temperature varied between 25° and 65®. 
The potential measurements showed that very low voltages were sufficient 
for the deposition of the metal from this solution. The critical current density 
was found to be 75 milli-ampercs per cm-; but current densities above 50 
milli-amperes per cm were found to produce very rough surfaces. 

When attempts were made to ob- 
tain thick deposits from this bath, it 
was found that big crystals began to 
form in an irregular manner on the sur- 
face. Besides it was found that the de- 
posits on keeping for a day or two began 
to peel off spontaneously. Attempts were 
next made to remedy this defect. 

Addition agents such as glue, gum 
arabic, gelatine, essential oils and sorm- 
other organic as well as inorganic com- 
pounds have been well known to pro- 
duce beneficial results in electro-plat- 
ing baths. These addition agents not 
only improve the natures of the deposit, 
but also render certain non-adhesive 
deposits adhesive. This has been to 
be the case in the case of tin deposits 
obtained from an alkaline bath, by Math- 
ers and Bell.^ It was therefore hoped 
that by the choic(* of a suitable addi- 
tion agent, it would be possible to obtain 
thick, uniformly smooth and adhesive 
deposit. The following substances were 
examined. 

(1), Gelatine, (2) glue, (3) gum 
arabic, (4) glucose, (5) hydrosilicofluoric 
acid, (6) hydrofluoric acid, (7) salicylic 
acid, (8) borosilicic acid, (9) resorcinol, 

(10) pyrogallol, (ii) sodium laiirate, 

(12) sodium oleate, (13) sodium stearate, 

(14) safrol, (15) eugenol, (16) geraniol, 

(17) cinnamic aldehyde, (18) citronella oil, (19) anise oil, (20) ane^thol, (21) 
bergamot oil, (22) castor oil, (23) oil of turpentine. 

One per cent aqueous solutions of substances (i) to (4) and (7) (9) and 
(10) to (13) were made and added to the bath in small measured quantities. 
The three acids (5), (6), and (8) were added directly to the bath in small 
quantities. Substances (14) to (23) were all shaken very well for nearly six 

* Trans. Am. Electrochem. Soc. 38 , 135 (1920). 
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hours with water and allowed to stand in separating funnels for more than a 
day and then the aqueous layers were separated. Small quantities of these 
aqueous portions were added to the bath. The following were the results: — 

(10) Gelatine gave a good and adhesive deposit only once; but when the 
experiments were repeated a number of times the same result could not be 
reproduced. The deposits were in general bad and not uniform. 

(2) Glue when added to the bath even in very small quantities produced 
fem-like figures. Addition of larger quantities did not improve the deposit 
in any way. 

(3) Gum arabic. This gave a fairly good deposit when 8 c.c. of its solution 
was added to 2 50 c.c. of the bath. This deposit peeled off on gently striking 
the plate on the ground. Further additions of the solution to the bath render- 
ed the deposits worse. 

(4) Glucose. Very thin but fairly uniform deposits were obtained with 
this addition agent which peeled off after four days. 

(5) Hydro-fluosilicic acid and (6) hydrofluoric acid did not improve the 
deposit. This was also the case with (7) salicylic acid. 

(8) Borosilicic acid. The deposit in this case is very good but not adhe- 
sive. 

(9) and (10) Resorcinol and pyrogallol gave fairly smooth deposits. These 
are again nonadhesive and do not take a good polish. 

(11) Sodium laurate (12) oleate and (13) stearate give excellent deposits 
which accept a vey good polish; but these deposits fall off after a very short 
time. 

(14) Safrol (15) eugenol and (16) geraniol made the deposit rough and 
crystalline. 

(17) Cinnamic aldehyde gave deposits which were fairly smooth but these 
were not adhesive. 

(18) Citronella oil. When only 2. c.c. of this solution was added to 150 c.c. 
of the bath, a smooth and uniform deposit was obtained which took an excel- 
lent polish; but this deposit peeled off in a day. 

(19) Anise oil and (20) anethol. With these addition agents the deposits 
were very smooth and uniform but not adhesive. 

(21) Bergamot oil. The deposit with this addition agent was the best one 
obtained so far and was found to be quite adhesive. However after about two 
months those deposits which were thick peeled off spontaneously; but the 
deposits, which were not very thick, adhered firmly and did not come off even 
on striking the deposited plates hard on the ground. The deposit improved 
slightly when deposited at 50®. 

(22) Castor oil gave a deposit which was very bright the first few seconds 
it was deposited but which rolled up like paper even while the deposition was 
in progress. 
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(23) Turpentine oil did not improve the deposit in any way. 

Of all the addition agents that were tested, as has been stated above, only 
bergamot oil gave satisfactory results. Even this addition agent could not 
make thick deposits stick fast. It was therefore thought necessary to see if by 
any other suitable manipulation it would be possible to make the deposit more 
adhesive. 

It was believed that adhesiveness could be improved if the bright copper 
surface be given a thin coating of some metals which help in the formation of a 
solid solution at the interface which is responsible for the adhesiveness. To see 
if such a preliminary coating would improve the adhesiveness in any way, thin 
coatings of mercury, tin and cadmium were given on to the polished copper 
surface and antimony deposited on these. In the case of tin and cadmium, 
even before the current was put on, a black spongy layer of antimony began 
to form; however by switching on the current immediatel}^ after introducing 
the plates into the bath thick deposits could be obtained which were quite 
smooth and uniform. But these peeled off spontaneously. With mercury the 
deposits were quite good but pc^eled off after about a month. 

Deposits taken on rough, instead of smooth polished surfaces were found 
to be adhesive even after the thr(‘e months; but these also came off after 
striking gently. In this case also thin deposits adhered firmly. 

Bismuth has almost the same discharge potential as antimony. It is 
therefore possible to deposit both these simultaneously from a solution con- 
taining the salts of these metals. To see if small quantities of bismuth when 
deposited along with antimony would make the deposit adhesive, small 
quantities of bismuth chloride (varying in concentration from o.5%-o.5%) 
were added to the bath and deposits taken. These deposits were somewhat 
dark and peeled off after about a fortnight. On analysing qualitatively no 
traces of bismuth could be detected in the deposit. 

Deposits taken from the antimony fluoride bath containing hydrofluoric 
acid were found to be verj" adhesive. It was therefore thought that adhesive- 
ness could be imparted to the deposit from the tartrate bath while at the same 
time retaining the softness of the deposit, by using hydrofluoric acid in place 
of hydrochloric acid. Deposits were taken with various concentrations of 
hydrofluoric acid (i%-2 5%); the best deposit was obtained with 17 per cent 
of acid. These deposits appeared to be quite adhesive at the beginning; but, 
contrary to expectations they peeled off after a fortnight. 

Interpretation of Results 

An electrodeposit of antimony might be obtained (i) in an inhomogeneous 
form (powder or sponge) (2) in a coarsely crystalline form, (3) as a tough micro- 
crystalline deposit and (4) as a bright mirror. 

Beilby^ has shown that the fine crystals on the surface layer of any speci- 
men of antimony, under the action of the polishing lathe, pass through a liquid 
condition which sets to a hard enamel-like protecting coating when the polish- 


I Aggregation and Flow of Solids,” p. 87 (1921). 
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ing is finished. A bright mirror of antimony is then a congealed liquid surface. 
This mirror is obtained from the acid tartrate bath, only at the initial stages of 
electrodeposition, for small or moderate current densities. On continuing the 
electrolysis, the superimposed layers become minutely crystalline and fine- 
grained. The ions in solution resemble the gaseous state; at the beginning of 
electrodeposition they form a liquid layer at the cathode, which at once sets 
to a vitreous solid. With time crystalline forces operate to produce devitrifi- 
cation; microcrystalline bodies are formed in the initial vitreous layer, and the 
forces of orientation, thus brought into play, produce a finely crystalline 
structure in the superimposed layers. In this connection it is interesting to 
recall the experiments of Beilby which demonstrated the parallel growth of 
sodium nitrate crystals on a polished calcite surface. Though polishing has 
developed over the crystal surface a true vitreous skin, still the orienting in- 
fluence of the isomorphous calcite crystals beneath could make itself felt. 

Varieties (3) and (4) only are suitable from a plater^s point of view, and the 
beneficial influence of addition agents is obvious. They are as a rule protective 
colloids and we have the familiar explanation that ions arc deposited in a 
colloidal state in presence of these bodies. Mathers and Leible' have attempt- 
ed to find a relation between the adsorption of these colloids by the plating 
metal and their efficiency as addition agents. It was found in most cases, that 
larger adsorption and greater efficiency go hand in hand. If the surface ten- 
sion of liquid antimony initially deposited be diminished by the adsorption of 
these addition agents, the formation of small globules will be hindered. These 
latter possibly devitrify into crystalline specks and destroy the smoothness of 
the deposit. It is thus probable that addition agents produce a smooth uni- 
form matrix of the plating metal by producing a lowering of surface tension. 

Large current densities produce inhomogeneous deposits — black and 
spongy. Bancroft^ suggests that large currents produce strong polarisation, 
the cathode film becomes dilute, resulting in the precipitation of an oxide or 
basic salt. Smee reached a generalisation long ago which has been supported 
by McMillan® that a deposit by a current strong enough to produce hydrogen 
simultaneously is dark in colour and powdery. In the case of antimony de- 
posits, it appears however, that for moderate current densities, a black sponge 
is obtained at the cathode whenever it is produced there as a result of secon- 
dary chemical action and not by the primary discharge of the antimony ion, 
A consideration of the current potential curves will make this point clear. 
Pure antimony dipped in a hydrochloric acid solution of tartar emetic has been 
found to have an electrode potential of 0.26 volt against a decinormal calomel 
electrode. In Figs. 2 and 3 it will be noticed that the discharge potential plot- 
ted against electrolysing current, at first increases very rapidly and then 
remains constant — a curve which is characteristic of the discharge of metal 
ions. The discharge potential has a value varying from 0.34 to 0.37 which is 

^ Trans. Am. Electrochem. Soc. 31, 27 (1917}. 

* J. Phys. Chem. 9, 28 (1905). 

® “A Treatise on Electro-metallurgy,*' p. 205. 
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greater than the electrode potential of antimony in the same bath by about 
o.i volt. This difference is obviously due to what is called residual current 
polarisation. In HCl solution of tartar emetic or antimony tartrate, antimony 
is deposited by the direct discharge of Sb*“ ion, and the deposit appears at 
first as a bright mirror and later as a fine-grain(‘d structure. 

From a solution of tartar emetic only antimony is not deposited by the 
direct discharge of Sb’** ion as will be at once evident from Fig. i. The 
abscissa representing discharge potential has a magnification i/6th that of 
the 2nd and 1/3 that of the other curves, but still the current potential curve 
is not at all steep. Evidently this case represents th(' discharge* of a gaseous 
ion on the cathode. In this case the cunvnt efficiency also did not exceed 87% 
up to indicating that the reaction 

r4H40flKSb0+3H — >-C4H406KH +H 2 O+ Sb 

is not complete, but that only 87% of llo liberated is used up in decomposing 
tartar emetic. The high discharge potential indicates that on an antimony 
surface, hydrogen has a considerable over-voltage. The contention of Smee 
and McMillan that simultaneous liberation of H2 with the deposition of the 
metal produces dark and powdery deposits cannot be substantiated. As will 
be observed from Tabh? II the current officienc}" in a hydrochloric acid tartar 
emetic bath is only 30% at 50° though the deposit, is very bright and smooth; 
at 25° the current efficiency is 100% . As the current potential curve indicates 
the deposit is primarily that of metallic antimony. At higher temperatures a 
part of the precipitat(*d metallic antimony dissolves immediately in hydro- 
chloric acid, liberating hydrogen. The effect however from the plater’s point 
of view is not disastrous. 

Composition of the Bath 

The only traceable regularity that has been generally observed is that 
metals deposited from solutions in which they are mostly present as complex 
anions, generally come down in a dense, .smooth, finely-grained form. The 
complex anion serves as reserve for a low constant concentration of the metal 
cation, and prevents hydrolysis and the formation of a basic precipitate. This 
is also true of antimony baths, but subject to the condition that the concentra- 
tion of Sb**‘ should be sufficient to produce antimony metal as the primary 
product of electrolysis. In a neutral tartar emetic solution Jordis and Meyer^ 
have shown that the equilibrium concentration of Sb“' ion due to the reaction 
C4H406K0Sb+3H (present in pure vratcr) 

C4H,06KH+H20+Sb* • 

is very small . Hence it is intelligible that Sb is’*' not discharged at the cath- 
ode. With addition of acid, Sb*” is obtained in increased concentration re- 
sulting in its primary discharge and producing an improved deposit. 

Antimony fiuoride has a far greater tendency towards complex formation 
than the other halides, complex salts like KSbF4, NaSbF4. 2NaF, are common 
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where the antimony exists as a negative ion the equilibrium concentration of 
Sb"‘ ion due to the dissociation of the complex SbF4 is much greater than in 
the neutral tartar emetic solution. Antimony is obtained as a primary deposit 
as the steep nature of the current potential curve in Fig. 3 B indicates. The 
discharge potential is much higher than the electrode potential of antimony in 
normal antimony chloride solution. This is partly due to residual current 
polarisation and to the very small concentration of Sb“* present as such in the 
acid fluoride bath. 

Influence of Temperature 

In an acid tartar emetic bath the current efficiency fell from 100% to 30% 
as the temperature was raised from 2S®-so°; while in an acid antimony tar- 
trate bath, the current efficiency remained pretty nearly constant at 97%. No 
satisfactory explanation is available unless it be that potassium has a marked 
catalytic action on the solution of antimony by hydrochloric acid. The ad- 
vantage of the latter bath is obvious, for it does not require any regulation of 
temperature. 

Conclusion 

The composition of the acid tart.rate bath has been arrived at on theoret- 
ical grounds after a critical examination of the baths already known as well as 
certain other solutions. With oil of bergamot as addition agent this bath 
gives a very smooth, uniform nice white deposit, which on polishing assumes a 
silvery appearance. Thin deposits of thickness 0.025, have been found 
to be quite adhesive; this thickness is quite sufiicient for plating purposes. 
High current densities can be employed (50 milli-amperes per cm) and the 
current efficiency is as high as 97%. These and other points of advantage 
mentioned in the paper above, mark the bath as specially suitable for plating 
on a large scale. 



THE PREPARATION OF MEMBRANES WITH UNIFORM 
DISTRIBUTION OF PORES 


P. E, BARTELL AND M. VAN LOO' 

In a recent paper by Bartell and Carpenter^ methods were given for the 
preparation of collodion membranes. It was found to be possible to prepare 
different membranes with practically the same degree of permeability. It was 
also shown that membranes of the same or of different permeability, having 
in every case practically the same number of pores per given area of membrane 
could be prepared. This was proven through the agreement between the rela- 
tive pore diameters as measured and as calculated according to Jurin^s law and 
according to Poiseuille's law. When Poiseuille^s formula Q = KnPD^T/L was 
applied and the value n (representing number of pores per given area) kept 
constant, results for D, the pore diameter, were in every case in close agreement 
for the pore diameter as calculated by the method based upon Jurin^s law. 
This result was a bit surprising, until a study of the behavior of the material 
during the course of the setting of the membrane was carried out. 

In the following table results are given which show the relative pore 
diameters as determined by the Jurin Law method and by the Poiseuille Law 
method. 

Membrane Pore Size 



Relative 

Pore diam. i 

1 Relative Pore Diameters 


Permeability 

in microns ] 
(Jurin^s Law) 

1 Junn's Law 

Method 

Poiseuille ’s 
Law Method 

Least permeable 
membrane 
Medium permeable 

I . 

0.701 

1 . 00 

1 

1 

j .00 

membrane 
Very permeable 

1.978 

0.934 

i 

1 1-33 

1.38 

membrane 

1 

7-353 

1. 681 

2-39 

2.31 


During the course of the original work, and subsequently in later study, it 
was observed that our most satisfactory methods gave us membranes with a 
surface exhibiting distinctly cellular configurations. The surface appeared to be 
covered with a fine net-work of honey-comb structure of remarkable uniform- 
ity, if proper care were taken to avoid disturbing air currents, etc. Subse’ 
quent observation of the drying and setting of similar systems, composed of 
volatile and non-volatile components, in which we employed readily visible 
solid particles in suspension, enabled us to arrive at an explanation of the 
mechanics involved in the formation of such configurations as above noted. 

^ Holder of Acme White Lead and Color Works Fellowship. 

* J. Phys. Chem. 27 , 252-269 (1923)- See also ibid. 27 , 101-116 (1923). 
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Wher such a system is observed microscopically during the course of the 
drying, it is found that the escape of the volatile gives rise to a distinct vortex 
action. When the film is first applied to the microscope slide, the surface 
appears to be in rather violent motion, of a somewhat random nature. Almost 
at once, however, the surface becomes raised in certain places over the entire 
area of the film. It then becomes evident that the volatile is escaping from 
the apices of these rounded surfaces, leading to a regular vortex action with 
these apices as centers. Due to the practical impossibility of producing a 
liquid medium with perfectly uniform distribution of the volatile, and of 
maintaining absolutely uniform conditions of evaporation, certain of these 
vortices are stronger than others, and overcome them. As a result of the 
redistribution of the forces, the film progresses from the stage of a large num- 
ber of small vortices to a uniform arrangement of a small number of more 
powerful ones, similar in magnitude of strength. Since such vortex action 
sets up curved surfaces, by the mutual thrust of these surfaces, one on the 
other, there results a condition of closest packing, i.e. each one is in contact 
with six others at the surface. Hence, the surface appears as an area of hexa- 
gonal cells. 

In the case of colored suspensions in a similar system made up of a non- 
volatile plus a high concentration of a readily volatile constituent, a compara- 
tively clear spot appears in the center of each cell. The individual particles 
of the suspended matter come up through the center of each vortex, pass 
radially outward along the surface of the cell, then downward at the cell wall, 
then inward along the bottom of the cell to the center, where they may again 
pass upward and repeat the circuit. Similar circuits appear in the infcerior 
of the cell where particles may be entrained in surrounding circuits, and 
eventually appear at the surface. Each cell, of course, comprises one vortex 
— more exactly, a modified vortex-ring. Fig. i below shows a section of the 
surface, illustrating the formation of hexagonal cells, as a result of the im- 
pression of six adjacent vortices on one vortex, and indicates the motion of the 
suspended particles at the surface. Fig. 2. shows a cross-section of a cell, — the 




Fig, 2 


Fig. I 
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right half showing complete circuits and the left, the possible entrainment of 
suspended particles from the center to the exterior circuits. 

A similar phenomenon of vortex action has been described by other 
observers. Kerr Grant* reported vortex action in emulsions of radio-active 
minerals in alcohol, etc., Prof. James Thomson- observed the same cellular 
structure, due to convection currents in soapy water; E. 11 . Weber** in 1885 
observed the same cellular arrangement of convection curnuits in emulsions, 
as described in O. Ixdimann's “Molekular-physik’\ Harold \\"ager^ reported 
the same with minute mobile organisms in water, while W.M. Flinders Petrie® 
reported this type of surface arrangement in suspensions of powered Oriental 
coffee in milk and water. B. A. Keen® obs(‘rved it in suspensions of clay in 
ammonia and in alcohol. M. Henri Benard^ has done (‘onsiderable work on 
vortex motion in cells, using convection currents as the agents for producing 
the same effect in permanent media, such as paraffin, etc. The earliest refer- 
ence we found to this phenomenon was that rntmtionerl by Korteweg^ — the 
notes of Christian Huygens n^printed in his ‘^Oeuvres” — where he describes 
exactly this vortex motion in drops of urine on talc, under the date of Se[)t. 5, 
1678. 

When a collodion film is prepared, such a vortex action as above described, 
always oc^curs. The average collodion film us(k1 in osmotic work represents 
the stage of uniform distribution of the stronger vortices,-- the stage subse- 
(pient to the transition from the large number of smaller C(dls to the limited 
number of large cells, as abov(' described. Hence, the number of cells in the 
average membrane are th(' same when i)r(*pared in a uniform fashion as des- 
cribed by Bartell and Carpenter. That th(' center of (‘ach cell represents a 
pore in th<^ membrane will b(» understood from the following, somewhat sup(T- 
ficial (*xplanation, which is based on a study of the nu^chanics of the nunoval 
of the volatile, during the setting of the membrane. 

Xt the instant of the application of the film of liquid, a c(utain amount of 
evaporation of the volatile occurs from practically all points on th(‘ surface. 
Such an evaporation cools the surface, and incr(‘ases its density relative to the 
body of the film, because of the decrease in the concentration of the volatile. 
These two eff(»cts, the temp<Tature gradient, and the density gradient, both 
tend to set up vertical convection currents through the film. These currents 
naturally suffer deflection from the true v<Ttical as a n'sult of a number of 
causes. There are always certain solid or semi solid particles suspended 
throughout the body of the medium, around which the curnmts must pass. 
Furtliermore, any variation in the concentration of the volatile as a result of 
the impossibility of effecting a perfectly homogeneous mixture of all the con- 

^ Nature, 93 , 162 (1914) 

* Nature, 93 , 213 (1914) 

* Nature, 93 , 213 (1914) 

* Nature, 93 , 240 (1914) 

® Nature, 93 , 269 (1914) 

* Nature, 93 , 321 (1914) 

^ Nature, 93 , 584 (1914) 

* Ann. Chim. Phys., 23 , 62-144 (1901) 



164 


F. E. BARTELL AND M. VAN LOO 


stituents, tends to set up horizontal diffusion currents as well. Hence we have 
horizontal as well as vertical components of motion set up, and a vortex-ring 
results. 

It is apparent that in the upper part of the circuit the moving liquid is 
exposed to the air, and must continually lose volatile, which it then partially 
recovers by diffusion, etc., in passing around the lower part of its path. Hence, 
the center of the cell represents the point of maximum volatilization, as here 
the concentration of the volatile is the highest, while the cell wall marks the 
lowest point in concentration of the volatile constituent. The prerequisite 
conditions for the maintenance of the vortex action are thus continuous, 
although decreasing in relative magnitude. Initially, of course, we have a 
considerable area of liquid at the center of the cell with a very high concentra- 
tion of the volatile. This area decreases as the total concentration of the vola- 
tile diminishes, i.e., as the violence of the vortex action decreases. In the 
original work, water was added after certain intervals of time, to remove the 
remaining volatile, which would leave an opening or pore at the center of each 
cell. The size of this pore is proportional to the amount of volatile present at 
the time the water was added, and hence, the permeability (which is largely 
dependent on the pore diameter) is closely related to the time element in the 
experimental manipulation. 

There is continually a gravitational force on the solid suspended particles 
which would lead them to flow into the centers of the cells as the violence of 
the vortex action decreases. In fact, if the system retains sufficient fluidity 
subsequent to the removal of most of the volatile to permit such an action, the 
surface tension effects and the gravitational effects may cause the central 
portions of the cells to close in, and in extreme cases completely eradicate the 
cell structure. As we have said, to prevent such an action, in the original work 
on collodion membranes in this laboratory, water was added to remove the 
volatile before the porosity had decreased too far. A membrane of suflScient 
rigidity to maintain a permanent configuration was thus obtained. It is at 
once apparent, in the light of the above discussion, that the porosity or 
permeability of membranes can be reproduced or varied at will by arresting 
the vortex action at the proper stage. That was exactly the function of the 
water. 

From the above described experiments, it seems entirely reasonable that 
the number of hexagonal cells within a given area of surface determines the 
number of pores which open into that surface. It must follow that, with a 
system of a given composition at a definite temperature, the distribution of 
the pores will be the same in any membrane prepared from that system under 
comparable conditions. From the nature of their composition, the membranes 
produced as in the work cited must of necessity have the same number of pores 
per given area. Therefore, the original assumption to that effect is corrobo- 
rated. The different degrees of permeability obtained through the removal 
of the volatile at different stages, is easily accounted for in our experiments, 
through the fact that the vortex action is arrested in varying states of activity. 
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Summary 

1. Previous work by Bartell and Carpenter has shown that membranes 
with different degrees of permeability may be prepared with the same number 
of pores per given area of membrane. 

2. Our study has shown that as a result of vortex action in drying, collo- 
dion membranes have a cellular structure. It is assumed that the pores in the 
membranes are the centers of the cells, so that the number of cells determines 
the number of pores. Membranes prepared from the same medium have the 
same number of cells per given area, and therefore, the same number of pores. 

3. The permeability, which is largely dependent on the pore diameter, 
may be varied by arresting the vortex action at different states, by the removal 
of the volatile. 

University of Michigan ^ 

Ann Arbor f Mich, 



THE ACCURATE CALIBRATION OF CAPILLARY TUBES 


BY K. J. ISAAC AND IRVINE MASSON 

In connexion with work on the compressibility of gaseous mixtures bj 
DoUey and one of us,^ it was found that the methods of ascertaining the bore 
or volume of capillary glass tubes, described in the literature, are generally 
subject to serious errors. Improved methods were therefore worked out which 
enabled us to know the volume of any length of a 50cm. capillary of about i mm . 
bore with an accuracy of one part in several thousand. The most convenient 
of these methods is here described, because similar knowledge is required for 
many purposes, and it is hoped that other workers may thereby be saved con- 
siderable labour. 

It may be premised that the tubes' with which we are (concerned are closed 
at one end of the capillary, a fact which calls for certain experimental arrangc*- 
ments whose simplification will be obvious to anyone who applies the general 
method to tubes which can be left open at both ends. 

Mercury is used as the calibrating fluid; and we have found the very 
simple method described by Dixon and McKee-^ to be entirely adequate. No 
process of measurement which involves horizontal threads of mercury is reli- 
able, since in such a thread the meniscus sags, and its volume cannot be esti- 
mated; further, the shape is variable from point to point even in clean tubes 
of small bore, so that its effect does not cancel out in successive measurements 
of length. Consequently the tube must be used and calibrated vertically; 
and in this case, since the diameter of the tube is approximately known, 
measurement of the height of the meniscus affords a very close estimate of its 
volume when the data of Schalkwijk’ arc applied. 

The clean, dry, and dust-free tube is mounted, as shown in Fig. i, in a 
jacket kept at constant temperature, preferably that at which the tube is 
eventually to be used. In our tubes, direct graduation was not permissible, 
since they would have been less able to resist high internal pressures; a light 
glass scale was therefore attached to each tube, during calibration and use, by 
means of tight rubber bands. Relative movement of scale and tube is guarded 
against by taking readings of the external top end of the tube, which point 
serves as the zero mark in all the measurements. 

^ Masson: Proc. Roy. Soc. 103 A, 524 (1923) 

2 J. Chem. Soc. 123 , 895 (1923) 

*Comin Phys. Lab. Leiden, No. 67 (1901); Verslag. Kon. Akad. Wet. Amst., 1900 , 
p,462; 1901 , 512. 
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Whatever reading-instrument is used in conjunction with the scale must 
provide measurements of height-differences which are reliable to about o.oi 
mm. We use a telescope provided with a spirit-level and with a Hilger micro- 
meter eyepiece, which gives about too drum-divisions per millimetre r(*ad at a 
distance of several feet. 

The foot of the capillary, which is to be dispensed with when the tube is 
eventually in actual use, passes through the bung of the jacket and carries the 
side tube with tap B, besides having a 
capillary tap C whose stem is drawn out 
to a very fine jet. This stem also bears 
a small rubber cork for the attachment 
of the weighing- vessel A. The tap 
B communicates with a high -vacuum 
pump, such as one of the mercury con- 
densation type; doubtless a Toepler 
pump combined with a cooled charcoal 
bulb would also serve. 

The vessel A, containing pure 
mercury, is placed in position, and a 
Fleuss or other oil vacuum pump is 
temporarily connected with its side arm 
by a rubber tube. Taps B and C are 
opened and the tube is exhausted, the 
oil pump serving to prevent the mercury 
from rising as far as tap C\ When 
exhaustion is conii)lete, the taps are 
shut and the oil pump is disconnected; 
tap C is now opened slowly until the 
mercury has risen just above it, when the 
exhaustion is continued for a while in 
order to remove any air trapped at the 
opening. Tap B is then finally closed and the mercury is allowed to rise to a 
point convenient for the lowest reading of level. 

The jacket temperature, the level of the tip of the meniscus, and the 
height of the meniscus, are noted. The vessel A is removed, weighed, and 
replaced. 

The oil pump is re-connected, and a partial vacuum is produced in A so 
that when C is opened the mercury falls slightly; this is necessary in order to 
remove any trapped air from the jet. C is closed, the oil pump is removed, 
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and the mercury is allowed to rise to a new level about 2 cm. above the first; 
a fresh set of readings of heights and weight is then taken. This process is 
repeated at intervals of about 2cm. until the tube is completely full of mercury. 
If the tube be of height greater than the barometric, a cycle pump can replace 
the oil pump in the last stages. 

This completes the first calibration; and the mercury is now to be drawn 
down again, and a second calibration is made in the same way, the intervals 
overlapping those of the first set. 

Finally, a single ‘‘overair^ determination is made as a check, one weighing 
being made when the tube is completely full and the other when the mercury 
has been withdrawn and then allowed to rise to near the lowest mark. A 
‘‘rising” meniscus is better-shaped than a “falling”, hence the need for the 
latter manoeuvre. 

Calculation, All distances along the capillary are measured from the 
external top of the tube. The observations of temperature, heights, and 
weight of mercury being recorded tabularly, each set is treated thus: — From 
the data of Schalkwijk (loc. cit.) a table can readily be drawn up to show the 
volume, and hence the equivalent cylindrical height, of any mercury meniscus 
of measured height in a tube of approximately known bore. (For i mm. tubes, 
the equivalent cylinder has practically one half the height of the meniscus). 
The observed level of the mercury is, accordingly, corrected to what it would 
be if its surface were flat. These corrected distances, each about 2cm. apart, 
correspond with the measured weights of mercury, and henc(? with volumes, 
due corrections being of course applied for buoyancy, scale-errors, and the 
like. The mean cross section or volume per linear centimetre withjn each of 
these 2cm. sections is thus found, and the values are plotted on squared paper, 
using the distances from the external end of the tube as abscissae. The 
“curve” takes the form of a series of steps, the horizontal lines marking the 
mean vol./cm. between the points indicated by the vertical lines. A smooth 
curve is now drawn through the mid-points of the vertical lines of the steps, 
and this shows the vols. per cm. along the length of the tube to near the closed 
end. 

The results of the second calibration are now drawn in the same way on 
the same paper. A mean curve is then drawn, by eye, between the two. The 
usual maximum deviation of either curve from the mean is little more than 
0.00001 cm,®, so that from the mean curve may be read, with great exactness, 
the cross section at any point. By summation, the aggregate volume of the 
tube is obtained, and is compared with the experimental “overall” aggregate. 
Any difference — and we find differences of not more than i in 6000 — ^is dis- 
tributed proportionally over the length of the tube, as being probably due to 
cumulative error in the meniscus-correction; and so the final table is drawn 
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Up. This shows, for each cm. of the tube, the total volume and the mean 
volume between it and the point i cm. beyond it, which interval in the case of 
ordinarily uniform tubes is ample for purjioses of calibration. 

It may, finally, be mentioned that we have re-calibrated some of our 
tubes after they had been used for some months in experiments at 25° up to 
130 atmospheres pressure, without finding any significant change in capacity; 
nor do they suffer detectable temporary dilatation during exposure to 10 atm. 
internal pressure. The accuracy secured by the method of calibration is thus 
not illusory. 

The Sir William Itamsay Laboralones 
of Inorganic and Phymal Chemistry, 

University College, London 



THE EFFECT OF THE CONCENTRATION OF COLLOIDAL CLAY 
UPON ITS HYDROGEN ION CONCENTRATION ^ 


BY RICHAKD BRADFIELD 

In a recent study of the effect of the soil-water ratio upon the H-ion con- 
centration of soil mixtures, Salter and Morgan® found with most of the soils 
studied a logarithmical relationship which could be made to satisfy the ad- 
sorption isotherm of Freundlich. Since some of the solid phase remained 
undissolved at all dilutions, they conclude that their results ‘‘discredit any 
theory of soil acidity which assumes that the acid reaction is due to highly 
insoluble acids, either organic or inorganic which must under conditions of 
equilibrium form a saturated solution and give an approximately constant 
H-ion concentration/^ They believe instead that the acidity must be due to 
the preferential adsorption of the OH-ion by soil colloids. 

Recent work in this Laboratory on the nature of the acidity of the colloidal 
clay extracted from an acid soil indicates that this material acts in many re- 
spects as a true acid. It has long been known that soils have many proper- 
ties which are peculiar to colloidal systems. Few attempts were made until 
recently to separate the more active colloidal fraction from the relatively 
inert non-colloidal material which makes up the great bulk of the soil mass. 
Moore, Fry and Middleton^ have found that the amount of colloidal material 
in soils is much larger than had previously been supposed. Stevenson^ 
Knight® and others have shown that the buffer action and titratable acidity of 
soils is proportional to the amount of colloidal material present. Soil acidity 
is considered due to the leaching of bases from the complex mineral silicates. 
If that is true it would be quite logical to expect to find that the colloidal 
fraction of soils would be the most thoroly weathered and consequently the 
most strongly acid. 

It has been found® that if dilute standard solutions of strong bases are 
titrated with acid colloidal clays by either the conductivity method or the 
hydrogen electrode method, that definite end points can be obtained, that 
equivalent quantities of bases are neutralized by equal amounts of the colloidal 
acid, and that the curves obtained by both methods are of the type that are 
characteristic of the neutralization of a strong base by a weak acid. By means 
of such measurements it becomes possible to assign a definite normality to the 
colloidal acid. 

* A Contribution from the Soils Laboratory, Agricultural Experiment Station. Un- 
iversity of Missouri. 

* J. Phys. Chem. 27 , 117-40 (1923). 

* J. Ind. Eng. Chem. 13 , 527-30 (1921). 

* Soil Science, 12, 145 (1921). 

^ J. Ind. Eng. Chem., 12, 465 (1920). 

•Bradfield: J. Am. Chem. Soc. 45, 2669-87 (1923). 
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That the acid colloidal clay is a true acid has been substantiated further 
by studies of the relation between H-ion concentration and the flocculation 
of an acid colloidal clay. The electrol^i-e requirement ’ was found to increase 
about ten-fold in the case of potassium mixtures when the Sonmsen value was 
changed from 6 . 5 to 8 . 5 . Further increases in alkalinity were without effect, 
indicating that the acid colloidal clay had been neutralized and all converted 
into the K salt. After the salt had been formed, the excess of OH-ions had no 
influence upon the amount of K-ions required to produce flocculation. Neu- 
tral colloidal clays were found to show no such change in electrolyte require- 
ment as the H-ion concentration was changed, due apparently to the fact that 
in the case of such clays there was no appreciable acidity to be neutralized by 
the OH-ion and consequently KOH was about as efficient as a flocculant as 
KCl. 

A study of the effect of the H-ion concentration upon the absor[)tion of 
bases by the acid colloidal clay shows that there is a vtTv marked increase in 
the amount of base absorbed when the pH value is raised above the neutral 
point, then becomes about constant, which likewise indicates that a true 
neutralization of the acid colloid has taken place. (lordon and Starkey* 
found a simialr relationship l>etween the H-ion concentration and the absorp- 
tion of K by silica gel. 

Salter and Morgan discredit the true acid theory of soil acidity because 
they found an exponential ndation between the H-ion concentration and the 
soil-water ratio. Their conclusions were based upon the supposition that they 
were dealing with a saturated solution of any soil acid which might be present. 
This assumption is not necessarily true. The soil is a complex system made 
up largely of relatively coarse, inert particles which are coated over more or 
less, by a layer of colloidal material. If soil acidity is due largely to this colloid- 
al fraction, it does not follow that the mixture is saturated with the soil acid, 
because some of the coarser, inert, crystalline material, such as quartz, remains 
undissolved. In fact, it would S(^era highly improbable that the amount of 
active colloidal acid should reach the saturation point even in the most con- 
centrated mixtures studied by them. The curves indicate that such a point 
is being approached. It is of interest to note also that the two soils which 
seemed abnormal were the only clays and consequently the only highly colloid- 
al soils studied. In the case of these soils at the higher concentration (17.880 
to 1000 g of soil per liter H2O) the depression of the H-ion concentration was 
so great that it was ‘‘impossible to calculate an adsorption isotherm which 
would satisfy any three points on the curve.’’ This would seem to indicate 
that, in the case of these highly colloidal soils, the concentration of the colloidal 
acid was approaching rather closely the point at which the H-ion concentra- 
tion would become constant. 

The fact that certain data can be fitted to an adsorption isotherm does 
not necessarily indicate that the relationship is caused by adsorption. The 

* Bradfield: J. Am. Chem. Soc. 45 , 1243-50 (1922). 

* Soil Science, 14 , 1-7 (1922). 
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Freundlich equation is purely empirical and as pointed out by Fisher, ^ by 
altering the constants involved, a series of curves can be obtained which will 
fit nearly any set of experimental points with the desired degree of accuracy. 
In his study of the effect of dilution upon the H-ion concentration of acetic 
acid Walpole® found that the relationship was exponential at the concentra- 
tions studied. In fact, most acids show the same tendency noted by Salter 
and Morgan, to increase in H-ion concentration with increased acid concen- 
tration, but at a slower rate, in concentrations above that known as infinite 
dilution, at which point dissociation becomes complete and the relationship 
linear. The curves of Salter and Morgan become practically linear at the 
higher dilutions. 

If soil acidity is due to a true acid of colloidal dimensions, as the work 
cited above indicates, it would seem that the failure of Salter and Morgan to 
obtain a constant H-ion concentration at even the i :i soil-water ratio might be 
due to the fact that the colloid content of these soils was so low that the con- 
centration required for the constant H-ion concentration could not be reached. 
If this were true it should be possible to attain the desired concentration by 
eliminating the relatively inert coarse material which makes up the bulk of 
the soil and working with the colloidal material itself. This study includes 
therefore, the preparation of a concentrated solution of acid colloidal clay, a 
study of the effect of dilution upon its H-ion concentration and a similar study 
of the effect of dilution upon the H-ion concentration of acetic acid to be used 
for comparison. 

Experimental 

A fresh, acid clay soil was suspended in five parts distilled water by 
churning for three hours in an ordinary barrel churn. No deflocculant was 
used because any chemical added to the soil in sufficient quantities to defloc- 
culate it will cause considerable alteration in its natural properties. It was 
found* that, if a fresh soil were used about the same amount of colloidal 
material could be recovered without the use of a deflocculant as could be 
separated from an air-dry soil with a deflocculant. The suspension was 
allowed to settle undisturbed for ten days to eliminate the coarsest of the non- 
colloidal material. The fraction still in suspension was siphoned off and passed, 
at the rate of one liter per minute, thru a Sharpies super-centrifuge, generat- 
ing a centrifugal force of 30,000 times gravity. This application was suflScient 
to remove the great bulk of the non-colloidal material. The solution was then 
passed thru the centrifuge a second time at the rate of twenty liters per hour. 
The solution emerging was truly colloidal, perfectly clear when examined by 
transmitted light and showed no tendency whatsoever to settle out on pro- 
longed standing. This solution contained about one percent of oven-dry 
(105®) material. In order to obtain the concentrated solutions desired for this 
study, this dilute colloid was passed thru the centrifuge at the rate of one liter 

1 Trans. Faraday Soc. 17 , II, 310 (192a). 

* J. Chem. Soc. 105 , II, 2521 (1914). 

* Bradfield: Missouri Ag. Ex. Sta, Res. Bull. 60 (1923). 
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per hour. This prolonged application of the high centrifugal force was suffi- 
cient to deposit the great bulk of the colloidal material upon a celluloid sleeve 
placed inside the centrifuge bowl. After a sufficient amount had been depos- 
ited, the sleeve was removed and the colloid, now having much the consistency 
of ordinary axle grease, scraped off by means of a spatula. 

After a sufficient amount of this material had been obtained, it was 
diluted with water until it had the consistency of a very thick sirup. This so- 
lution was found to contain i2.S% of oven dry material. Dilutions containing 
6.4%, 3.2%, 1.6%, 0.8%, o.4<%, 0.2%, 0.1%, 0.05% and 0.025% wore pro- 
pared from this stock solution and their H-ion concentrations determined by 
the hydrogen electrode method, using a Type Leeds and Northrup 
potentiometer, a saturated KC'l calomel electrode and a modification of the 
Hildebrand type of hydrogen electrode. All measurements were made at 
about 25® in an inside basement room of rather constant temperature. The 
water used for the dilutions was ordinary distilled water which when freed 
from r02 was slightly alkaline; the Sc rensen value w^as about 7.45. A series 
of acetic acid mixtures was prepared using as a base a o. 1078 normal solution and 
diluting to half the original concentration each time. The H-ion concentra- 
tion of both the acetic acid and the acid colloidal clay series were measured 
simultaneously against the same calomel electrode. The data are presented 
in Table I and graphically in Fig. i. 


Table I 

The Effect of Concentration upon the H-ion Concentration of the Colloidal 

Clay Acid and Acetic Acid 


Colloidal Clay Acid 

1 Acetic Acid 

Concentration 
in percent of 
oven dry material 

PH 

Concentration 
in normality 

PH 

12.8 

4.02 

. 1078 

00 

00 

6.4 

4 . 10 

.0539 

3 03 

3-2 

41S 

.0269 

3 14 

1 .6 

4 30 

*0134 

3 30 

.8 

4 50 

.0067 

3-43 

.4 

4-85 

'O033 

3 61 

.2 

6.26 

.0016 

3 85 

. I 

6-93 

.0C08 

3 91 

•05 

715 

.0004 

4 . 18 

.025 

730 

.0002 

4.4c 

H2O used 

7-45 

.0001 

4.73 



.00005 

5^40 



.000025 

5.86 


Discussion of Results 

The portion of the colloidal clay curve for concentrations up to 2-3% 
(Fig. I.) is almost identical in form with those of Salter and Morgan. With 
higher concentrations the curve flattens and the pH value becomes almost 
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constant. The similarity between the acetic acid and the colloidal clay curves 
is so striking as to make it seem highly improbably that in the case of the 
former, we are dealing with a true acid and in the case of the latter, not with 
an acid, but an adsorption phenomenon. The concentration of colloidal mate- 
rial in soils is such that it is only in the exceptionally heavy clay soils that the 
flat region of the curve is reached even at the i:i soil- water ratio. Rice and 
Osugi^ found that the amount of sugar inverted by an acid soil was greatly 
increased by increasing the ratio of soil to water. The H-ion concentration of 

the colloid-free aqueous extracts of these 
soils was found to be neutral. Salter 
and Morgan lay this observation to 
faulty technique? But it is quite well 
known that the colloid-free aqueous ex- 
tracts of soils when carefully freed from 
CO2 are frequently acid free. The re- 
sults of Rice and Osugi are exactly what 
would be expected if they were dealing 
with an acidity due to colloidal acids. 

The mineral acid theory of soil 
acidity has not been as widely accepted 
as it seems to deserve because its advo- 
cates have always been searching for an 
acid, the particles of which were of or- 
dinaiy^ crystalloidal dimensions. When 
we consider the great complexity of 
the soil minerals, which are salts of the 
soil acids it would seem much mon? 
likely that the acid would be so complex 
and the molecules so large, that they 
would reach colloidal size. In fact, 
silicic acid, the simplest possible acid of this group is stable only when in 
colloidal condition. It may be prepared as a crystalloid but rapidly changes 
to a colloid on standing. 



The Effect of Concentrationof Col- 
liodal Clay and Acetic Acid upon H-ion 
Concentration. 


Conclusions 

The relation between the concentration of an acid colloidal clay and its 
H-ion concentration is practically linear at higher dilution (0—0.4%), expo- 
nential at intermediate dilutions and (0,49—3.5%) practically constant at 
higher concentrations (3.5 — 12,8%). The curve of the acid colloidal clay and 


* Soil Science, 5, 333-59 ( 1918 )- 
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that of acetic acid are so similar in every respect that it seems highly improb- 
able that the acidity in the case of the fonner is due to the preferential adsorp- 
tion of the OH-ion and in the case of the latter to true acidity. The differences 
in the Sorensen values yielded by the two acids are probably due to differ- 
ences in their strength, the colloidal clay acid being a much weaker acid than 
acetic. The fact that one is colloidal and the other crystalloidal is due merely 
to differences in the complexity of their molecules and not to any fundamental 
difference in the nature of their acidity. 

Columlmi, 

Missouri 



NOTE ON COLLOIDAL NICKEL HYDROXIDE 


BY O. F. TOWER 

In an article* published about a year ago reference was made to the pecu- 
liar behavior of nickel hydroxide formed in a glycerine solution. This has 
been investigated further in order to ascertain what concentrations of the con- 
stituents are necessary to bring about the results observed. 

In the first place a solution was prepared containing 4 grams Ni(C8H302)s . 
4HaO in 100 c.c. of Baker’s C. P. glycerine. The most favorable conditions 
for reproducing the behavior just referred to were obtained by mixing 16 c.c. 
of this solution with 8 c.c. of normal potassium hydroxide in alcohol. This set 
to a jelly within 24 hours and later syneresis began, sometimes slower, some- 
times faster, but in general the same stages were observed as described in the 
previous paper. In case relatively less of the potassium hydroxide solution 
were employed, either no jelly formed or only a very mobile one; with more 
potassium hydroxide solution, the jelly was much firmer but little or no synere- 
sis occurred. 

Two new methods of preparing colloidal nickel hydroxide will now be 
described. 

1. To 24 c.c. of the glycerine solution mentioned above was added 10 
c.c. of normal potassium hydroxide in alcohol and 10 c.c. additional alcohol 
(95%)- These were shaken together thoroughly and the resulting solution 
remained clear and limpid indefinitely. After several days standing this 
could be diluted with water without precipitating nickel hydroxide, and, after 
dialyzing, a clear gelatinous mass of the hydroxide remained. 

2. By carefully warming it was found that 100 c.c. of glycerine would 
dissolve 6.7 grams of nickel acetate, although some acetic acid was lost in the 
process. To 16 c.c. of this solution was added 6 c.c. of normal potassium 
hydroxide in alcohol and 2 c.c. of distilled water. When such a mixture does 
not gelatinize, which occurs about two-thirds of the time, after standing sever- 
al days it can be diluted with water without producing a precipitate. Wlien 
this is dialyzed a clear semigclatinous mass of nickel hydroxide remains. 

The most rapid method of obtaining a colloidal solution of nickel hydrox- 
ide is that given in the former paper (p. 731). Additional proof has been ob- 
tained that the peptization of the hydroxide is due to small amounts of potass- 
ium chloride remaining in the solution. Nickel hydroxide was prepared as 
described there, but was settled by means of a centrifuge, and by this means 

» Tower and Cooke: J. Phys. Cbem. 26 , 733 (1922). 
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the amount of potassium chloride remaining mixed with the precipitate could 
be regulated very exactly. After settling by this means additional distilled 
water was added, the precipitate settled again by centrifuge, and this con- 
tinued as long as desired. The precipitate could be washed fifteen times this 
way in an hour and a half, which would remove the potassium chloride prac- 
tically completely. Nickel hydroxide prepared in this manner and left stand- 
ing in distilled water over night would not go into colloidal solution. Neither 
would it, if it were washed by centrifuge only two or three times, for in this 
case too much potassium chloride was present. However, if it were washed 
this way six or seven times and allowed to stand in contact with distilled water 
it would pass into colloidal solution in a few hours. 

To see whether nickel hydroxide, as it is ordinarily precipitated from 
solutions as an apple-green gelatinous mass is really Ni(OH)2 or is NiO with 
adsorbed water, a method used by van Bcmmelen^ in investigating gelatinous 
silica and ferric oxide ha.s been employed. Samples of nickel hydroxide ob- 
tained by precipitating both from hot and from cold solutions were used. 
These were air-dried, pulverized, and left in a vacuum desiccator over sulfuric 
acid of increasing concentration until the weight became constant. The tem- 
perature of the room in which the desiccation was carried on was maintained 
at 20° dbi®. The samples were kept on watch glasses with ground edges, and 
during weighing this was covered with a second one clamped tightly to it in 
order to prevent absorption of moisture from the air. Weighings were made 
every day and continued until the weight became constant. The sulfuric acid 
in the desiccator was then replaced by the next more concentrated solution, 
and the process repeated until finally the weight became constant over the 
q8% acid. 


Sulphuric Acid in Desiccator 

Tension of 
Aqueous 
Vapor at 
20° 

Sample i. Sample 2. 
Grams Grams 

Composition 

Percent- 

age 

i Density 
at 20° 




mm. 

Orig. Wt. 

2 .3902 

2 .3020 

H*S 04 sHsO 

52.13 

I 416 

5-79 

After 2 wks 

2 .3808 

2 .2972 

H,S 04 4HaO 

57-65 

1-473 

3-73 

After 3 wks 

2 .3221 

2.2465 

HaS04 3H2O 

64,47 

I-S 47 

2 . 24 

After 3 wks 

2 .2516 

2 1843 

H2SO4 2 H *0 

73-13 

1.647 

0.85 : 

After 3 wks 

2.189s 

2. 1251 

H2SO4 H2O 

84.48 

1-774 

0.15 

After 3 wks 

2 . 1858 

2 . 1217 

H2SO4 

98 

1-836 


After 2 wks 

2.184s 

2 1209 


In the accompanying table the first three columns give the composition 
and density of the sulfuric acid used, the fourth column gives the tension of 
aqueous vapor over the acid, and the fifth and sixth columns give the weights 
of the samples of nickel hydroxide after constancy had been attained over the 
corresponding solution of sulfuric acid. 


i Z. anorg. Chem., 13 , 315 (1897) 
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Sample i was prepared from hot solutions and sample 2 from cold solu- 
tions. No difference was noticed in their conduct, except that sample 2 was 
a little more hygroscopic after it was dry. The loss of water in both samples 
was fairly regular and shows no probabflity of the existence of a hydrate over 
the range investigated. The composition of the final material was determined 
by estimating the nickel electrolytically with the following results: 

Sample i Sample 2 Theoretical for Ni(OH)t 
Percentage found 63.14 63.08 63.30 

The substance dried to constant weight in a vacuum over concentrated sulfuric 
acid therefore appears to be Ni(OH)j and not NiO or any intermediate hy- 
drate. 

MorUy Chemical Laboratory ^ 

Western Reserve University ^ 

Cleveland^ Ohio, 



NOTE ON SIMPLICITY OF MECHANISM OF REACTION AS ONE 
OF THE FACTORS CONDITIONING CATALYSIS 

BY E. R. BULLOCK^ 

Increase of velocity of reaction between a metal and a reducible substance 
in aqueous solution by a salt of another metal is of somewhat frequent occur- 
rence. When the second metal is more noble than the first it becomes deposit- 
ed on the latter, and the increase of reaction velocity can be electrically ex- 
plained. When, however, the second metal is less noble than the first, this 
explanation is precluded, and the phenomenon represents a case of catalysis. 
In a number of photographic after-processes (Ozobrome, Kodachrome, 
bromoil, etc.) a solution containing a dichromate and a bromide, with other 
substances, is used for the purpose of converting a silver image into silver bro- 
mide together with a chromium compound which alters the properties of the 
gelatine in a desired manner. The reaction between silver in gelatine and a 
solution of potassium dichromate and bromide slightly acidified with acetic 
acid is impractically slow but is greatly quickened by the addition of potas* 
sium ferricyanide or copper sulphate, which is found unaltered in the solution 
after use, and has therefore acted as a catalyzer. It seems probable that a 
clue to the explanation of the effect may be found in a principle of simplicity. 
Considering the case of the reaction between silver and the bleach solution of 
the Kodachrome process, 


Potassium bromide 

2.8 g. 

Alum (potassium, aluminum) 

2-5 K- 

Potassium dichromate 

i -9 g- 

Potassium ferricyanide 

1-9 g- 

Acetic acid (glacial) 

0.5 cc. 

Water to make 

100.0 cc. 


in the absence of the potassium ferricyanide the net result of the reactions is 
represented by the equation, — 

6 Ag+ 6 Cr 03 + 6 KBr = 6AgBr4*Cr2Cr06+3K2Cr04, 

but the initial ionic reaction is that betw('en silver and sexavalent chromium, 
3Ag+Cr‘^‘^“^'*"'^"^ = 3Ag*^+Cr'^'^^, in%hich three atoms of silver partici- 
pate. The equation for the reaction between silver and ferricyanide, Ag+ 
Fe(CN)6 — Ag'^+Fe(CN)fl , requires only one atom of silver and it 
thus seems intelligible that, notwithstanding the smaller potential difference, 
the velocity is greater in the reaction between silver and ferricyanide than in 
that between silver and dichromate. Copper sulphate acts likewise, the initial 
phase of the catalyzed reaction being Ag+Cu ^ “^=Ag“^+Cu'^ 

‘ Communication No. i86 from the Research Laboratory of the Eastman Kodak 
Company. 
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A search through the 70-page subject index of Woker^s '‘Die Katalyse^^ 
for further examples of catalyzed reactions of this type disclosed only the case 
of the increase of velocity of the reaction between zinc and a dilute solution of 
potassium permanganate and sulphuric acid by the addition of a trace of pure 
nitric acid/ This fact, which can be readily confirmed, may be explained on 
the basis of the relative simplicity of the reaction Zn+N^ As 

a further test of the validity of the view that, other conditions being the same, 
the reaction velocity is greater the fewer atoms of the metal participate in the 
initial stage, the effect of ferric sulphate or nitrate on the reaction between 
silver and bromic acid was considered. In this case, six atoms of silver are 
required in the direct reaction between silver and bromic acid, and only one 
atom in the first stage (between silver and ferric ion) of the indirect, catalyzed 
reaction, and from this, together with the fact that ferrous ion is re-oxidized to 
ferric with immeasurable rapidity by bromic acid in solution, it appeared very 
probable that a ferric salt would catalyze the reaction between silver and 
bromic acid. 

ExperimentaL A solution was prepared containing potassium bromate 
and sulphuric acid equivalent to N/20 HBrOj, and the action of this solution 
upon strips from a roll of positive cinematograph film containing a series of 
uniformly exposed and developed images from one and the same negative 
image, after prolonged washing in distilled water, was observed, and compared 
with the simultaneous action of a solution containing in addition N/ 10,000 
ferric ammonium sulphate or ferric nitrate. The rate of action of the latter 
solutions, as followed by the "bleaching^^ of the silver image, was the same and 
in each case several times as fast as that of the solution to which no ferric salt 
had been added. In order to avoid any complication due to tanning of the 
gelatine through liberation of bromine from traces of soluble bromides, the 
solutions were then treated with a little silver nitrate to produce the maximum 
slight opalescence, and a bath of dilute silver nitrate solution was interposed 
in the distilled water washing of the film strips; imder these conditions the 
reaction velocity was increased in all cases; but the iron-containing solutions 
still bleached the image several times as fast as did the iron-free solution. Ad- 
dition of silver nitrate in increasing amounts in excess of the amount required 
to combine with the trace of bromide failed to show any further increase in 
reaction velocity, and it seems probable therefore that the silver nitrate by 
combining with bromide prevented the inhibiting effect of the liberation of a 
trace of bromine. Addition of sulphuric acid to the N/20 bromic acid to a 
concentration ten times that which wotdd be produced by the complete hydrol- 
ysis of N/io>ooo ferric ammonium sulphate did not produce any observable 
increase in reaction velocity, and it is therefore concluded that it is to the 
ferric ion alone that the observed catalysis must be ascribed. To observe the 
effect in the absence of gelatine, 25 cc. of the iron-free and 25 cc. of the iron- 

^ DeKonittck: '^Lehrbuch der qualitativen und quantitative!! chemiachen Anaylse ** 

I, 517 (1904). 
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containing bromic acid were left alternately for 2 hours in a silver crucible at 
20° C., and the loss of weight after washing in this sulphate solution, noted: 
the mean loss in the former case was 0.4 mg. and in the latter 4.5 mg., showing 
a velocity increase of the order of ten times, due to the presence of N/io,ooo 
ferric sulphate in N/20 bromic acid. 

Condmion. The catalysis of the reaction between silver and potassium 
dichromate in aqueous solution by potassium ferricyanide or copper sulphate, 
that between zinc and potassium permanganate with sulphuric acid in dilute 
solution by nitric acid, and that between silver and bromic acid by ferric 
sulphate may be explained in part by the consideration that the first stage of 
the indirect (catalyzed) reaction is of greater simplicity, as regards the number 
of atoms of the metal participating, than the direct reaction. Further instances 
of systems in which catalysis may be expected on this consideration should 
however be sought for and tested before the suggested principle is accepted as 
valid. 


April 18 , im. 

Roch ester ^ N. Y. 
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Surface Tension and Surface Energy. By R. S. Willows and E, Hatschek. Third 
edition, 8X5 ctn; pp. mu'}- 136. Philadelphia: P, Blakiston^s Son and Co,, 1983. Price 
$8,00 , — ^The present edition of this small book has been enlarged so as to include an account 
of the work recently done on the properties of thin films, polarised molecules, and boundary 
lubrication. This work points to possible connections between surface tension and other 
chemical and physical properties of liquids, and in addition opens up many fascinating 
avenues for research. If the account here given leads readers to refer to the original papers, 
its object will have been gained. Other small additions and changes have also been made.” 

The results obtained by using the pjOtvos-Ramsay-Shields formula do not “agree in 
all cases with those following from Walden^s formula : thus, benzene is associated according 
to Walden and non-associated according to Ramsay. The discrepancy is particularly 
striking in the case of sulphuric acid, which has aggregates consisting of as many as thirty- 
two molecules according to Ramsay, while Walden finds aggregates of two molecules only,” 
p. 42. 

“In the preceding pages we have availed ourselves of only one of the theories of sur- 
face tension, that of Laplace. It has led us directly to recognise an important property of 
liquids — their cohesion or intrinsic pressure — and has enabled us to establish several theo- 
retical relations between surface tension and other constants. It is, however, incomplete 
in one particular, inasmuch as it assumes that there is a perfectly sharp line of demarcation 
between the two media bounding the surface, for instance, between liquid and air. We need 
not discuss whether such an abrupt transition is intrinsically probable, as there is a large 
amount of evidence, principally optical, to show that there is a gradual change in density 
and in other properties from those of one medium to those of the other. It can, for instance, 
be shown that plane polarised light should be reflected again as plane polarised light, and, 
therefore, be capable of being completely extinguished by a Nicol prism, if the transition 
from one medium to the other were abrupt. Actually this is never the case with an old surface, 
especially in the case of metals, but the light is always elliptically polarised. With perfectly 
fresh surfaces this is not the case; thus Lord Rayleigh showed that the cllipticity nearly dis- 
appeared at the boundary air-water if the surface of the latter was constantly renewed, and 
Drude proved its absence from the surface of a freshly split crystal. 

“To account for the phenomenon it is necessary to assume a film of different density 
on the surface, of which the order of magnitude of the thickness can be calculated, approxi- 
mately; it is about 10*^ cm. for the surface crown glass-air. We shall have oc^^asion to refer 
to this surface film again. There is also other experimental evidence for its existence; it is, for 
instance, a common experience in vacuum tube work that, after first ])umping down and 
allowing the apparatus to stand, the pressure rises again owing to gas coming off the walls. 
Baly and Ramsay found it nearly impossible to test Boyle’s law at very low pressures owing 
to this released gas, the amount of which varies with temperature and pressure,” p. 48. 

“In view of the fundamental importance of the Gibbs-Thomson formula, and the 
magnitude of the discrepancies between the figtires calculated from it and the experimental 
results, it is of obvious interest to inquire to what causes the deviations may be due. The 
first point to be noticed is that the complex substances which exhibit them most markedly 
form, at least at higher concentrations, colloidal and not true solutions. It is, therefore, very 
probable that they may form gelatinous or semi-solid skins on the adsorbent surface, in 
which the concentration may be very great. There is a considerable amount of .evidence to 
support this view. Thus Lewis finds that, if the thickness of the surface layer be taken as 
equal to the radius of molecular attraction, say 2X 10-^ cms., and the concentration calcu- 
lated from the observed adsorption, it is found, for instance, for methyl orange, to be about 
39%» whereas the solubility of the substance is only about 0.078%. The surface layer, 
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therefore, cannot possibly consist of a more concentrated solution of the dye, which is the 
only case that can be dealt with theoretically, but must be formed of a semi-solid deposit,'^ 
p. 78. 

^^It is, however, by no means certain that the results obtained by the *waterfall-elec- 
trification' method are comparable with those obtained by cataphoresis, or, in other words, 
that the origin of the double layer is the same in both cases. Thus, in experiments according 
to Quincke's method made by one of the authors, fuchsin did not reverse the charge on the 
air bubble even in concentrations a thousand times great(*r than those found effective by 
Rohde. Similarly discordant and very important results are obtained by McTaggart, who 
investigates the cataphoresis of a gjis buV)ble by an improved method. The bubble is placed 
in the axis of a wide rotating tube filled with liquid and is therefore as freely movable as the 
particles in the U-tube employed for examining colloidal solutions. He finds that air bubbles 
are negatively charged in distilled w^atcr and travel with a velocity, independent of their 
size within limits, of about 4x10'^ ems per second in a field of i volt/cm. This is in very 
good agreement with the behaviour of colloidal particles in the .same conditions. On the 
other hand, he finds that in this arrangement hydrogen bubbles are, like air, negatively 
charged, whereas in waterfall experiments this gas is positive against w’^ater. The effect of 
various cations was found to be similar to that on colloidal particles, ions of high valency 
having a much greater effect in neutralising and eventually reversing the charge on the 
bubble, while exhibiting — as in their action on .sols — specific peculiarities. 

‘^In a further .series of experiments McTaggart investigated the electric state of the 
air bubVile in mixture.s of w’ater and of .several alcohols, and the results obtained are of par- 
ticular interest, as showing a definite connection between surface tension and electric charge. 
In the pure alcohols no cata])horesis could be observed. In mixtures of the alcohols and 
water the velocity of the bubble decreased with increasing alcohol content, and this decrease 
in velocity — and therefore in electric charge — ^w'as the greater the more the alcohol lowered 
the surface tension of water. The electric charge was therefore reduced by increasing 
adsorption of alcohol at the surface air-solution, and it is rea.sonable to assume that with an 
increased ratio of alcohol in the surface layer, ions w’oulti be displaced out of that layer, with 
a corresponding decrease in the total charge. A further very striking fact w'as observed; if 
the size of an air bubble in the water-alcohol mixture was gradually reduced, the velocity, 
and therefore the charge, increased, approximately more and more to that in pure w^ater. 
To explain this it is necessarj^ to assume that wdth decreasing diameter and the consequent 
change in surface tension the adsorjition of alcohol decreavses, or, in other words, the per- 
centage of water in the surface layer, and wdth it that of ions increases. This would be 
analogous to the change in vafiour pressure w'ith the curvature of the surface, which has 
been fully discussed in a previous chapter. It is }K>8sible that the polar molecules of alcohol 
have greater difficulty in arranging thern.s(dves on the highl}^ curved surface of the smaller 
bubble. 

*‘On the whole McTaggart’s experiments, as far as they are at present capable of 
interpretation, strongly support the view- that the double layer is largely or entirely due to 
the ordinary adsorption of ions,'’ p. 104. 

WiUkr I). Bancroft 

Kolloide in der Technik. By Raphael E. Laesegang. 22y,15 cm; pp. 161. Dresdc7i 
and Leipzig: Theodor Steinkopff, 1923. Price: 78 cts . — This volume aims to give the recent 
developments in the colloid chemistry of the following subjects: glue and gelatine; other 
adhesives; protecting colloids; plastic masses; tanning; soap; oils and resins; rubber; 
paper; textiles and dyeing; metals; ceramics; foods; photography. Although necessarily 
much condensed, the text is quite satisfactory and no one can read the volume without find- 
ing a number of new and interesting things. 

Glue is properly a mixture of gelatine and gelatose. Gelatine has a high jelling and a 
low adhesive power . Glue has a very high adhesive power and only a slight tendency to 
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fonn jellies. When the splitting of the gelatine has gone further, both the adhesive and the 
jelling powers become zero, p. 7. 

Michaelis has found that the hydrogen ion concentration at which casein precipitates 
is affected by the presence of salts, a strongly adsorbed cation being equivalent to an acid 
and a strongly adsorbed anion to an alkali. With rubidium chloride and sodium acetate the 
two ions are apparently adsorbed so nearly equally that these two salts have no effect on the 
point for optimum precipitation, p. 22. 

Dilute solutions of olive oil and of tallow soaps are not readily affected by electrolytes, 
while solutions of cocoamit oil and palmnut oil soaps are very sensitive to electrolytes, p. 43. 
The tendency of soap solutions to foam varies very much with the nature of the soap. The 
author points out that potassium soaps give smaller and more stable bubbles than sodium 
soaps and are therefore used in shaving soaps; but he does not explain why, p. 48. It is 
admitted quite frankly, p. 50, that the theory of washing with soap is not yet in an absolute- 
ly satisfactory form. Attention is drawn, p. 56, — though not under washing — to the extra- 
ordinary emulsifying power of water-glass solutions for vegetable and animal oils, p. 56. 

The discussion of the vulcanization of nibber, p. 71, is distinctly unsatisfactory, the 
author evidently not having understood Spence’s work at all. Under coagulation of latex, 
p. 68, one would have liked to have seen something more about the relation between the size 
of the globules and precipitation by centrifuging. There is some confusion, perhaps natural- 
ly, in the discussion of the rosin sizing of paper, p. 81. For the same reason the paragraph 
on mordants, p. 91, is not so good as it might be. In fact the whole chapter on dyeing is not 
up to standard. 

Three pages are devoted to addition agents in electroplating, p. 106. There is a very 
interesting discussion, p. 109, on the cause of spots in slip-casting. Under food products we 
find a discussion of the rising of cream, p. 120; of the making of butter, p. 121 ; and of whif)- 
ped cream. There are two pages on bread, p. 124, and one on beer, this latter topic coming 
for some unknown reason between bread and vitamines, p. 127. The book closes with nine- 
teen pages on photography. 

Wilder D. Bancroft 

The Principles of Organic Chemistry. By James F. Norris. Second edition. 
21X15 cm) pp. xi-\-6Sl. New York: McGraw-Hill Book Company, 1922. Price: $8.00. 
The first edition was reviewed over ten years ago ( 17 , 280). In the preface to this edition 
the author says: ^'The development which has taken place in organic chemistry since this 
book was published has made it necessary to prepare a new edition. This development has 
been marked on both the theoretical and the practical sides of the subject. While the ad- 
vances in the pure science have been largely of such a character that they should not be 
included in an elementary textbook, the development of industrial organic chemistry has 
tended to vitalize the subject and to arouse the interest of the beginner. As the result of the 
recent war there was an increased demand for a large number of organic compounds of 
industrial importance. The search for new methods of preparing these substances on the 
large scale led to the utilization of reactions which were formerly of theoretical interest only, 
or to the application of newer methods such as those of catalysis and electro-chemistry. 
These new industrial processes have been emphasized as fully as is consistent with the scope 
of the book. 

''The growth of the dyestuff industry in America made it desirable to broaden to 
some extent the treatment of the aromatic compounds and to include brief descriptions of 
the more important intermediates and of the sulphur and vat dyes. The increasing use of 
the organic derivatives of mercury and of arsenic in combating disease nuide it necessary to 
introduce an elementary consideration of the general reactions underlying the preparation of 
such compounds. 

"The renewed interest in the application of organic compounds in warfare has led to 
the description of the more important war gases and the new explosives. The consideration 
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of the chemistry of fats, carbohydrates, and proteins has been extended to incjlude the 
physiological aspects of the subject. 

*The additions to the text in the field of the pure science have been limited in number. 
It is the opinion of the author that the newer theories, such, for example, as the interpreta- 
tion of the reactions of organic compounds by means of the electronic conception of matter, 
should not be included in the first elementary presentation of the subject, with the resultant 
exclusion of important theoretical material based on a more substantial experimental foun- 
dation. In this edition the theory of partial valence and the relation between chemical 
structure and color are briefly discussed. There is given, also, an account of the recent 
work on the structure of tannins and the coloring matter of flowers." 

The fact that over twenty thousand copies have been printed shows that the author 
has found a large pubhc and is the best proof that this is the kind of book that a great many 
people want. As one glances throxigh the volume, one is not surprised at its popularity. 

Wilder D. Bancroft 

The Phase Rule and its Applications. By Alexander Findlay, Fifth edition. 22X16 
cm) pp. York and London. Longmans, Green and Co., 1923. Price: 

$3.60. — In the preface to the new edition, the author says: — “The increasing attention 
which has been paid in recent years to heterogeneous equilibria and the re-investigation of 
some of the imi>ortant problems connected therewith, have necessitated a complete revision 
and re-writing of certain sections and the addition of much new matter. The sections on 
sulphur and phosphorus, for example, have been re-written, the attention being directed 
more especially to the pseudo-binary nature of these systems. The section on iron-carbon 
alloys, also, has been revi.sed in the light of recent work and, as far as space would permit, 
the most important work on four-component systems and the sales of the Stassfurt deposits 
has been discussed. The opportunity has also been taken of exj)laming more fully the graph- 
ical methods of repre.sentation of multi-component .systems, and more especiall}" the graph- 
ical methods sugge.stecl by Janecke which are now^ very widely employed The importance 
of the Phase Pule in the study of mineralogical problems has been emphasized by a discussion 
more especially, of the conditions of fonnation of the calcium aluminum silicates. It is 
hoped that the considerable extension of the work w'hich has thereby been brought about 
and the addition of tw'enty-four new’ diagrams will add to the usefulnes.^: of the book.” This 
is the standard book on the phase rule. There is nothing else that (‘an come anj'ivhere near 
it. It should be — and probably is — used as the text-book cveiywhere that the .subject is 
taught and that is now everywhere. We rejoice that Findla\’ has brought this book up to 
date. Owing to the war it has been eight years since a new* edition has appeared. 

Wilder [). Bancroft 

Les Progrds de la metallurgie du Cuivre. By Augnstv Conduche 20X13 cm. pp. 
xvA“264> Paris: Masson and Cic, 1922. Price: 1 4 francs. — This is the second volume in 
the second series of the Encyclopddie L6aut6. The first jiart of the book deals with: the 
properties of copper; the copper alloys; the propertie.s of the copper salts; the copper 
minerals; and the output of copper. The second part deals with the treatment of the ores 
and the chapters are entitled : roasting the ore; making the matte; pyri tic fusion ; making 
matte in a reverl>eratory furnace; conversion of the matte into raw’ copper; metallurgy of 
the complex ores; extraction of copper by the wet way; refining copper in the furnace and 
electrolytically. 

The author suggests, p. 23, that the beneficial effect of copper in preventing atmos- 
pheric corrosion of steel may be due to the formation of cuprous sulphide. Interesting also 
is the statement, ascribed to Guillet, p. 20, that the solid solutions of malleable metals like 
silver and copper are also malleable. The data in regard to electrolytic refining of copper 
are taken mostly from the Great Falls plant of the Anaconda Company. 

Wilder D. Bancroft 
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A Dictioiiary of Applied Physics. Edited hy Sir Richard Glazehrook. Vol. IL 23X17 
cm; pp. tdi+1104- York and London: The Macmillan Co., 1922. Price $16.00 per 

volume. This is practically a treatise on electricity arranged alphabetically instead of sys- 
tematically. Among the important headings are: alternating current instruments and 
measurements; arc lamps; primary and secondary batteries; electrical capacity; electro- 
lytic condensers; manufacture of carbons for arcs; dielectrics; direct current indicating 
instruments; systems of electrical measurements; electrolysis and electrolytic conduction; 
technical applications of electrolysis; electromagnet; electron theory; electrons and the 
discharge tube; galvanometers; incandescence lamps; inductance; magnetic measure- 
ments; modern theories of magnetism; photoelectricity; piezo-electricity; positive rays; 
potentiometer; radio-frequency measurements; resistance; stray current electrolysis; 
switch gear; telegraph; telephone; thermionics; transformers; units of electrical measure- 
ments; watt-hour meters; wireless telegraphy and telephony; X-rays. 

*^An ordinary carbon arc burning in air will always hiss when the current density in 
the positive carbon exceeds the critical value for that particular carbon. Hissing ^nll begin 
l)elow this value with a short arc. It may also start if a sudden increase of current causes the 
arc stream to expand l>eyond t he rim of the crater, or if one of the carbons is moved sideways 
or the arc is blown sideways. 

''When hissing starts there is always a sudden fall in the arc voltage, and this fall 
practically all occurs near the positive crater region. Mrs. Ayrton gives the results of a long 
series of tests on hissing arcs. Her conclusions are that the hissing and the fall of potential 
are due to the oxygen of the air getting to the crater surface, because an arc will not hiss if 
surrounded with nitrogen or carbon dioxide. The explanation suggested for the quick move- 
ments is that air first combines with the carbon on part of the crater surface, then the prod- 
ucts of combustion temporarily shield the surface but afterwards disperse, and a fresh supply 
of air rushing in the action is repeated,” p. 48. 

**The modem negative carbon for searchlights and cinema projectors is made small 
in diameter and has also special means for keeping the current-path central. It is provided 
with a high conductivity core of hard carbon and the core is heavily coated with copper. 
This core is virtually the electrode proper — the use of the outer shell is chiefly to support the 
core and to protect it from oxidation. The positive carbon is also made small in diameter, 
the current density being increased until it is as near the hissing point as is practical,” p. 49. 

”Arcs burning in vacuum or inert gases are of no use for illumination, mainly because 
it is necessar}'^ to carry away from the arc all the material which is evaporated. If any of it 
condenses on the carbon unsteadiness results. Even in air a short, arc will ^mushroom” — 
that is, carbon will build up on the negative, destroy its symmetrical shape, and cause un- 
steadiness, besides blocking the light. However, in ^‘enclosed” lamps and lamps fitted with 
economisers advantage is taken of gases less active than pure air. In enclosed lamps the 
oxygen becomes exhausted by combustion of the carbon, also the heat in the enclosure rare- 
fies the gases. The inlet for fresh air and the size of the globe are adjusted until the burning 
away of the carbon is just fast enough to keep the ends clean. The carbons become prac- 
cally flat on the burning ends and the arc is continually moving about burning each part in 
turn — the area of the carbon being much greater than the area of the arc. 

”When flame carbons are used in enclosed lamps it is necessary to deposit the fumes 
on surfaces other than the enclosing globe. This is done in several ways, but all depend ott 
convection currents carrying the gases into additional chambers and over large cool surfaces 
on which the fumes are deposited, the gases returning to the globe after they have been 
clarified. It is necessary to keep the globe hot to prevent condensation on its surface, and 
therefore it is generally surrounded by another globe which keeps the cool outer air away 
from the inner globe,” p. 51. 

‘The action of ozone (produced by high-tension static discharges) on rubber dielec- 
trics exposed thereto at cable ends tnmmed of their coverings to prevent surface leakage, 
furnishes a remarkable instance of an abstruse kind of deterioration, which often appears in 
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the form of splits or cracks. The writer has demonstrated that this only occurs when the 
rubber is under tension, as on the outer periphery of a bend, and not when the cable end is 
straight and therefore free from tensile stress at any part of its surface. In the former case 
the defect may occur within a few minutes of the exposure of the rubber to the gas, whereas 
practically no deterioration occurs— as judged by the effect of heat tests on the rubber — in 
the latter after long exposure. 

“A point of interest in this connection is that vulcanised bitumen is quite immune 
from this peculiar effect, but admixture of a very small percentage of rubber with it destroys 
this immunity. The cause of this phenomenon has not been determined,” p. 100. 

“Experience shows that solid laying in bitumen-filled troughs is not a preventive 
against electrolytic action on the cable, in fact under some circumstances it may aggravate 
it, Ixjcause the virtual electrode area is very restricted, and therefore the current density is 
likely to be high and the (!orrosion effects (correspondingly severe. Again, for similar reasons, 
metal -sheathed wiring in damp situations in buildings, particularly if run in wood casing, is 
liable to be badly attacked unless special precautions are taken. These precautions consist 
in metallically bonding all sheathings together, and earthing them at the source of supply. 
Intermediate earth plates mav be necessary in some cases where the eUjct roly tic survey 
indicates that current would enter or leave the shc^ath, so that it can do so by a metallic path. 
Care has to be taken, however, to avoid inviting vagrant currents on to the cable sheaths. 

“In principle, the whole matter amounts to short circuiting all the potential electro- 
lytic paths so that any current flowing from or to sheathings passes along metallic conduct- 
ors instead of by electrolytic paths. 

“This general principle, first enunciated by the wTiter many years ago, in opposition 
to the principle then being largely support (»d of segregating the sheaths of adjacent lengths 
of cable, together with the Board of Trade restrictions bearing on maximum earth return 
voltages, has rendered electrolytic troubles on large networks in this country almost negli- 
gible, so far as vagrant currents from external sources (such as electric tramw^ays) arc con- 
cerned. It has also permitted the free use of metal-sheathed wnring in buildings, which for 
many 3'ear8 was under an in(‘xplicable cloud owing to troubles wrhich w'ere — though usually 
attributed to other causes — due to electrolytic action arising from leakage currents from the 
wires and cables themselves. At the present time the strictest attention is paid to con- 
tinuity bonding and earthing in metal-sheathed wiring systems; in fact the chief features 
of most of the special systems now in vogue bear on the matter of eflicient and permanent 
bonding,” p. 100. 

“When passages exist in a ni'gative cable — even of a capillary order -■ water is forced 
along them for considerable distances and up to appreciable pressures by the endosmotic 
effect. In rubber (*ables, for instance, blisters full of water are sometimes found to be pro- 
duced, and on cutting a badly affected cable, winter will sometimes spurt for a considerable 
distance,” p. loi. 

“Condensers of very large capacity can be eonstru(*ted without difficultj^ of metal 
plates immersed in suitable electrol.yte. The metal used must belong to the class knowm as 
‘valve metals’, such as aluminum, magnesium, or tantalum, which have the property, when 
made the anode in certain electrolytes, of forming on their surface a thin, porous, adhesive 
layer separated from the actual metal by a thinner layer of gas having an extremel.y high 
resistance, which, even with a very small current, allows a high voltage to be maintained. 
If the applied (direct current) voltage is raised above a certain maximum, which depends on 
the nature of the electrolyte used, the gas layer breaks down and numerous discharges with 
sparking occur. For example, for aluminum in solution of sodium sulphate the maximum is 
40 volts, whereas in solution of ammonium phosphate it is 460 volts. With aluminum one 
of the b^ electrolytes is a saturated solution of ammonium borate (NH4)HBj04. Two sets 
of plates are immersed in this, care being taken to insulate the conductors as they pass out 
of the liquid surface; by the application of (say) 100 volts (direct current) for several days 
to the two sets in parallel against a platinum emthode, the plates are ‘formed.’ The two sets 
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are then separated and form an electrol3rtic condenser which can be used with alternating 
voltages as high as 90 volts, and with this voltage it shows a power factor of about 0*05,'' 
p. 123. 

Arc carbons are usually made from a mixture of lamp*black and ground petroleum 
coke or pitch coke held together by a suitable binder such as pitch or tar. The highest grade 
carbons may contain up to eighty percent of lamp-black, while lower grade carbons may run 
as low as twenty percent in lamp-black. The rods are made by pressing through a die. 
Where cored carbons are required, the hole is formed by means of a suitable steel needle in 
the die. Pressures of five tons to the square inch are used. The carbon rods are calcined 
slowly up to a temperature of 1200°. The cored carbons then have to have the core canal 
filled. 'The cored carbons which are used in ordinary open type or enclosed type lamps, 
for the so-called pure carbon arc, have the core canal filled with a mixture of carbon and 
potassium silicate. The carbon is in the form of a very fine powder, which is mixed with a 
solution of potassium silicate until it has the consistency of a fairly thick cream. This mix- 
ture is then injected into the core canal, which it completely fills, and the carbon is then 
dried at a temperature suflBciently high to drive off all the moisture in the coring mixture. 
The core is then in the form of a dry powder held together in its place by the dry silicate of 
potash. The function of the silicate of potash is not only to act as a binding material, but 
to lower the resistance of the arc and, as has been explained elsewhere, to centralise the arc 
at the end of the carbon. For flame arcs, suitable chemicals are introduced in the form of 
powder into the coring mixture; calcium fluoride is used when a yellow flame arc is required: 
cerium fluoride for a white flame arc: other compounds can be used for producing special 
colours,*’ p. 145. 

"The original flame carbon had the flame-producing material distributed throughout 
the mass of the carbon, the ingredients being introduced into the original mixing before 
pressing. Experience showed, however, that in open type flame lamps better results could 
be obtained by concentrating the ingredients in the core. In recent years, however, the 
development of the enclosed type flame lamp, where the carbons burn in an enclosure from 
which the air is largely excluded, have necessitated the manufacture of a flame carbon in 
which the ingredients are introduced into the original mixture, and which is therefore homo- 
geneous throughout its section. Carbons burning under these conditions naturally do not 
taper to a point but burn with a practically flat end, and it is therefore necessary for the 
flame-producing material to be evenly distributed instead of concentrated in a central core. 
Open type lamps have also been recently developed for wliich the most suitable type of 
carbon is one consisting of an outer shell of pure carbon with an inner solid carbon containing 
flame-producing material. To manufacture such carbons, the two parts are prepared sei> 
arately and the inner rod inserted in the shell, either before or after baking, and suitably 
cemented to it," p. 146. 

The sections on systems of electrical measurements and on electrical units are sur- 
prisingly good. The reviewer was interested also in the section on photoelectricity. The 
pages on positive rays were written by Aston and those on electron theory and spectrum 
analysis by the elder Bragg. Jewett wrote the section on telephony and Richardson the one 
on thermionics. 

The editor has had the best of assistance and the volume is one to be proud of. 

Wilder D, Bancroft 

Absorption of Nitrous Oases. By H, W, Wehh. 23X1B cm; pp. viii ' 372. New 
York and London: Longmans^ Green and Co., 1923. Price: $8. SO. "In peace and war 
alike the supply of fixed nitrogen is of vital importance to the exestence of the nation. In 
almost all processes for the fixation of nitrogen the production of oxides of nitrogen is one of 
the fundamental intermediate stages. It cannot be said at the present time, however, that 
the problem of the technical utilization of nitrous gases (which are usually largely diluted 
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with air) has met with a satisfactory solution. The enormous number of patents relating to 
the process which appear each year would seem to be sufReient evidence of the truth of this 
statement. It is the common practice at the present time to absorb the nitrous gases m 
water with the production of dilute nitric acid, which acid is eit her concentrated or conveTted 
into solid nitrates. In this country, where nitrous gases arc produ(‘cd (in the majority of 
cases) only as by-jiroducts, the chemical principles underlying the process have not been 
studied to a very great extent, and it is very often the case that the aVisorptioii process is 
conducted on nile-of-thumb methods. While the loss of fixed nitrogen in such plants may 
not be a very serious factor in the series of industrial operations with which it is connected, 
the samp view cannot possibly be held when the recovery of the nitrous gases is one of the 
main objects of those industrial operations. Furthermore, it has long been evident that we, 
in this country, must ultimately adopt some process for the fixation of nitrogen, in view of 
the fact that we import nearly all our fertilizers. 

“With thes(» points in view, the author has endeavoured to discuss the absorption of 
nitrous gases in water, both from a theoretic*al and an industrial standpoint The most im~ 
portant typ€*s of absorption proc(*88es, other than w’ater absorption, wdiich have been devel- 
oped are also considered, and an attempt has Iw^en made to classify and compare them, in 
order to survey the present position, so far as this particular branch of the nitrogcri-fixation 
industry is concerned. It has also been thought necessary to review' briefly the methods 
available for the commercial utilization of (he dilut.(' nitric acid normally obtained from the 
water-absorption process.” 

The chapters are entitled; oxides and oxyacids of nitrogen; theoretic.al problems of 
absorption; construction of absorption tow'ers; Riling material for absorption tfiwers; gas 
circulation and measurement; the handling of nitric aend in the alisorption system; pro- 
duction of concentrated nitric acid; production of .synthetic nitrates and nitrites; analytical 
control. 

In the introductory chapt/cr is the statement, p. 5, that the first oxidation product of 
nitrogen at high temperatures is nitrous fixide and that this can be isolated in fair yield. 
There is a good discussion of the action of nitric acid on metals, pp. 64-87, though the re- 
viewer would have welcomed laying more emphasis on what we do not know'. 

”If alkaline liquids are used as absorbents of nitrous gases, large quantities of liquid 
have to be evaporated. If, on the other hand, dry metallic oxides such as zinc oxide or 
aluminum oxides are used, these are so weakly basic that their absorbing effect is very small. 
In this connection Halvorsen proposes to use a.s the absorbent a mixture of caustic soda and 
oxides of zinc, or iron, or aluminum, in the form of briquettes . . . This suggestion is 
theoretically attractive for use with very dilute nitrous gases. So far as can be ascertained, 
however, it has not yet been applied to large-scale practu'c, imd it is probable, as is so often 
the case, that the practical difficulties in the way of the process outlined have outweighed 
any theoretical advantages. One of the chief troubles in all these processes in which solid 
oxides and salts are used as absorbents is caused by the presence of moisture in the nitrous 
gases being absorbed. Equilibria are set up, and the reaction is hence incomplete and the 
process inefficient. It is very difficult to see that such modificiations of the absorption process 
are economical, since it would seem that any saving in the initial cost of tower construction 
would be more than compensated by the operation costs of such concentration processes. 
Furthermore, it appears to be cheaper to treat the products of absorption of dilute nitrous 
gases to obtain the final concentrated product required, rather than carry out any concentra- 
tion process on the nitrous gases themselves. The position would depend to some extent, 
however, on the available market for the final product of absorption,” p. 12 1. 

**The concentration of nitrous gases by liquefaction has been frequently suggested 
for consideration in recent years as an adjunct to water-absorption systems for nitrous gases, 
and particularly in plants where moderate concentrations of nitrogen are available, i.e. in 
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which liquefaction can be obtained quickly and completely by cooling alone without resort 
to increased pressures/^ p. 122. **There are three important disadvantages to such lique- 
faction processes. 

Unless very low temperatures and very high pressures are used it will not be 
possible to liquefy the whole of the nitrogen oxides from a dilute mixture with air, and oper- 
ation, even at the temperature of liquid air, would appear to be uneconomical. 

“In this connection some figures communicated to the author on gases from ammonia 
oxidation, containing about 7 percent of nitrogen tetroxide (as NO2) mixed with air, showed 
that 60 percent of the tetroxide could be liquefied at -50°C at atmospheric pressures, and 
90 percent at -8o°C. This indicates that quite low temperatures would be required to 
secure efficient results from more dilute nitrous gases, as in the arc processes, for example . 

“2. The second disadvantage of the liquefaction process lies in the fact that both 
nitrogen oxides and nitric acid are present in the equilibrium mixture. The complete trans- 
formation of a given quantity of liquid tetroxide into nitric acid will hence require several 
operations, in each of which there will be a certain loss of nitrogen oxides, both dissolved in 
the nitric acid and also as vapour. 

“3. The third disadvantage is that the use of oxygen for oxidizing the nitrous acid 
formed is expensive, and, if air is used, a correspondingly greater loss occurs of nitrogen 
oxides mechanically carried away by the inert gas. 

“Against these disadvantages, combined with the cost of compression and the pro- 
duction of low temperatures, must be offset the commercial value of concentrated nitric acid, 
containing 95 percent HNOs, to dye-works and explosives works, and similar industries, 
where the mixed acids used require only a minimum percentage of water. For the general 
production of fertilizers, nitrites, etc., the method is obviously uneconomical,^* p. 126. 

Under the theory of absorption, p. 144, the author says: “The difficulty of securing 
good distribution in a square tower is greater than with a tower of circular section, owing to 
the 'collecting* action of the corners in the square tower, which tend to send the liquid down 
in relatively large streams. The difficulty also increases with increasing diameter of the 
tower. 

“It has been suggested that a greater efficiency of initial distribution eould be ob- 
tained if the absorbent were caused to pass through a layer of fine sand, from which it would 
be delivered on to the packing in a large number of droplets, homogeneously distributed, 
owing to the capillary action of the sand particles. It sticms a frutiful field of investigation 
to examine the possibility of utilizing capillary action for initial distribution instead of 
depending on carefully adjusted constant-level apparatus. 

“It is sometimes the practice also to fix intermediate distribution plates at different 
levels in the tower. The object of this is apparently to collect up the liquid after it has fallen 
through a certain distance in the tower, and redistribute it, and also to give intermediate 
support to the packing. The procedure is, however, erroneous, since it is desirable to main- 
tain the liquid continually as a thin film over a large area, rather than to collect it up into 
streams of relatively little surface. When such a device is considered necessary in a tower, 
it is time to consider whether the filling material is efficient so far as distribution of gas and 
liquid is concerned. It may be taken as a general principle that wherever a liquid absorbent 
is delivered on to packing material in the form of a pencil of liquid, the danger of channelling 
is always accentuated. 

“There is little doubt that the best initial distribution of the absorbent is obtained 
when the liquid is sprayed or pumped into the tower under pressure, and especially if an 
atomizing jet is used. Whether such devices are economical in practice, however, is open to 
doubt. Fine sprays, for example, arc quickly put out of action by grit and slime. In the 
case of high towers (60-80 feet) a very heavy initial pressure is required to give 10-15 Ib/sq. 
in. tiecessary at the top of the tower for efficient spraying, and it is difficult to obtain acid 
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mains which will withstand the pressure for any length of time, or even to obtain pumps or 
blowing eggs for nitric acid which will work satisfactorily under such conditions. 

'The gravity feed, therefore, in spite of its relative inefficiency, is more reliable, and 
it is reliability which is a first essential in the flooding of absorption towers, since a failure 
in the supply means heavy losses of fixed nitrogen.'* 

"The possibility of speeding up the absorption cycle is the motive behind a great deal 
of the recent resc^arch work carried out on absorption. It is obvious from what has been 
said before that it is the regeneration and oxidation of nitric oxide in the cycle which consti- 
tutes the main 'time reaction,’ and although a number of patents suggest the removal of the 
regenerated NO, and its oxidation in special chainl)ers, before admission to the tower system, 
the modification does not increase the (*apacity of the system, . 

"The action of chlorine in the cycle has been specially mentioned, because it is almost 
invariably a constituent of the nitrous gases passing to the adsorption towers, in the pot 
process for nitric acid manufacture, owing to the presence of sodium chloride in the nitre 
used," p. 148. 

It has been found that chlorine has a marked accelerating effect on the absorption, 
presumably owing to the intermediate formation of nitrosyl chloride. "While chlorine is 
not a suitable substance for the acceleration of the reaction in large-scale practic(», its action 
suggested that the present (mormons size required for absorption towers may yet be consid- 
erably reduced by develofiment of mt'thods in which such a principle is apyihed, particularly 
where very dilute nitrous gases have to lie dealt w'ith," p. i s^- 

"The type of absorption tower which has up to the present been developed is based 
on the assumption that the provision of oxidation and absorption space in the same tow’cr is 
equivaU'iit to the alt(‘rnate absorption and subsequent nmxidation of the regenerated nitric 
oxide as two separate stages. In fact, it is not, as w ill rtmdily be si'cn by a consideration of 
the reactions involved. The absorption of N2C)4 inol(‘cul(\s m water gives rise to nitrous arid 
and nitric acid. The former decomposers into nitric acid and nitric oxide, and the nitric 
oxide must subsequently be re-oxiclizod. It makers a great difference, how'over, whether or 
not that nitric oxide is reoxidized in the presence of liquid absorlxmt. The velocity of 
oxidation is at first rapid, and then falls off as the concentration of NO decreases. There w^ili 
be formed almost instantaneously, therefore, molecules which will react effectively towards 
water as N208, the result being that nitrous acid is exclusively formed, and must subs(^qucnt- 
ly decompose into nitric acid and nitric oxide. If however the nitric oxide originally present 
had been allowed to oxidize in the absence of liquid absorbent, it would, given sufficient 
time, have been oxidized completely to N2O4 molecules. This would then have given both 
nitric and nitrous acids on dissolving in water, and an ins|x*ction of the equations concerned 
will show that the amount of nitric oxide regenerated in the one case is twicer that in the 
other. In other words, the system of allowing the regenerated nitric oxide to oxidize com- 
pletely to nitrogen tetroixde doubles the capacity of the actual absc^rption tow’cr. On the 
other hand, the time required for the complete oxidation of nitric oxide to the tetroxide is 
considerable, especially when the gas is dilute. The total capacity of the system would 
therefore be demised if complete oxidation to N2O4 molecules were aimed at. 

"It is quicker to allow the nitric oxide to form only N2O8 and a little N204, and to 
allow this oxidation to go on in the presence of the liquid absorbent. Although only one- 
third (approx.) of the resulting nitrous acid is converted into nitric acid, the cycle of reac- 
tions is so much quicker as to l>e advantageous over the alternative system, when the oxides 
of nitrogen are very dilute. This is the underlying consideration in modern absorption 
practice. As much oxidation as possible is allowed to go on in the towers, by using pai^king 
with high free space, but the oxidation is allowed to take place in the presence of the liquid 
absorbent,*' p. 202. 
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is a matter of common observation that the exit gases from an absorption system 
contain appreciable quantities of nitric acid vapour. This mist is formed to some extent 
even when alkaline absorbents are used in the end towers of the system, and is somewhat 
similar to sulphur trioxide in the difficulty of its condensation. Taylor Capps and Coolidge 
used a form of Cottrell precipitator to remove the mist, similar to that used in sulphuric 
acid manufacture, and obtained nitric acid containing 15-25 percent HNOs. The formation 
of this acid must take place quite readily when the gases contain more than a certain per- 
centage of moisture. In large-scale work the percentage of nitric acid in such acid mist has 
been found to be as high as 40 i^ercent HNOg, and the loss due to acid carried over in this 
way may be considerable. 

‘Tn many systems where the gases are drawn directly through a fan at the end of the 
system, a small amount of such mist is centrifuged out, and the quantity of *fan drip' acid so 
obtained gives some idea of the total loss which may occur in this way. In present-day 
absorption practice, even when using a final alkaline absorbent, the efficiency obtained does 
not exceed 97-97.5 percent as a maximum, calculated on the basis of total fixed nitrogen 
recovered. The 2.5-3.0 percent loss obtained includes a handling loss of approximately i 
percent, the remainder being due to the escape of acid mist and nitric oxide from the system. 
Where no final alkaline absorbent is used, the efficiency of the absorption system lies be- 
tween 92-95 percent if fairly concentrated nitrous gases are available. In this case the loss 
due to acid mist lies between 2.5-3 percent of the total output of the towers. 

^‘The Badische Anilin und Soda P'abrik propose to dissipate a nitric mist by means of 
a high-tension electric discharge. Their apparatus seems to be quite similar to the Cottrell 
and Lodge precipitators used in this country. A recent French patent gives details of an 
electrical precipitation apparatus which has been used in the nitric acid industry. The 
potential difference used varies from 20,000-40,000 volts. The electrodes consist of alum- 
inum plates, one of which is smooth and the other covered with asbestos fibre. It was 
found that with an apparatus of this type nitric acid up to 1.41 sp.gr. (65 percent HNOi) 
could readily be condensed. 

^Tt seems very probable that the application of electrical precipitation on a much 
wider scale to absorption practice is a very likely development in the near future,'* p. 212. 

“As is well known, Portland cement is quite readily disintegrated by dilute or con- 
centrated nitric acid, and, although it may be used for foundation work in many construc- 
tions, it is a potential source of danger if it is likely to come in contact with nitric acid. The 
behaviour of brickwork under such circumstances is well known, the lifting effect being so 
powerful as to destroy the security of any structure erected above it. For this reason ordi- 
nary cement and mortar should be used with great caution in the construction of plant for 
the treatment of nitric acid. 

“The commonest type of hard-setting cement, which finds extensive application in 
acid manufacture, is a mixture of sodium silicate with various finely powdered siliceous 
materials. As long as it is resistant to acids, almost any type of siliceous material will do. 
Quartz, sand, asbestos, brick, etc. in a finely ground condition are all efficacious. The 
sodium silicate used in these cements should be of the non- vitreous type. As is well known 
a considerable change in the properties of sodium silicate (soluble glass) occurs on heating 
the solution to dryness. The product becomes relatively insoluble, and cements made from 
it form weak, friable masses which are readily disintegrated. In this connection it should be 
mentioned that R. M. Caven states that if a finely subdivided alkaline silicate is mixed with 
25-38 percent of its weight of water, heated to a temperature between 70®-ioo®C until the 
mass becomes vitreous and miscible with water and is then cooled, a hard solid is obtained, 
which can be ground to powder, and when stirred with water readily dissolves, only about 
1.5 percent remaining insoluble," p. 274. 


Wilder D, Bancroft. 



A DILUTION LAW FOR UNI-UNIVALENT SALTS 

BY BOH DAN SZYSZKOWSKi' 


The fact that the solutions of strong electrolytes do not obey Ostwald's 
dilution law, and consequently the law of mass action in respect of the equilib- 
rium between the undissociated molecules and the ions, was apparent since the 
beginning of Arrhenius’ theory of electrolytic dissociation. As, on the other 
hand, the law of mass action follows directly from Planck’s characteristic 
thermodynamical function 4 > (p,T,no, ni, n2. . .) by equating its variation 
at constant pressure (p) and temperature (T) to zero, under the assumption 
that the intrinsic energy (U) and the volume (V) arc linear functions of the 
number of molecules rio, ni, n2. . . all hypotheses underlying the calculation 
of the intrinsic energy must he considered and analysed before a definite step 
can \wi taken towards improving the theory. 

The numbers of molecules of different kind, no, iii, n2. . ., where suffix 
o applies to the solvent, suffix i to the undissocuatcd molecule, and suffixes 
2 and 3 to positive and negative ions, depend in the first place upon the degrees 
of dissociation a which an? not measured directly but calculated from con- 
ductivity data or from the data of other methods, c.gr., from the lowering of the 
freezing point . 

The calculation of a from the conductivity data, which are the most reli- 
able and precise within a very wide range of concentrations, involves an 
arbitrary hypothesis regarding the influence of viscx)sity (ij) upon the mobility 
of the ions, namely, it can be assumed that a — X/Xo, or a — Xrj/Xor/o, or more 
Xf ( ) 

generally a — r/ r where X denotes the equivalent conductivity and X© the 
AoIV’?o), 

equivalent conductivity at infinite dilution. 

As there is no method allowing of the choice between the great variety of 
possible forms of the function f(r?)/f (r?©) the values of the degree of dissociation 
a remain completely undetermined, and, therefore, cannot be used as funda- 
mental experimental data for the verification of different theories of electro- 
lytic dissociation. This is the reason why, in spite of the greatest ingenuity 
displayed in that direction, no satisfactory theory explaining the anomaly of 
strong electrolytes has yet been forwarded. 

The aim of the present paper is to show that by rejecting the classical 
conception of partial dissociation of strong clectrol>t.es into ions, and by ad- 
mitting Ghosh’s hypothesis of complete dissociation of salts into ions inde- 
pendently of the concentration of their solutions, a theory of electrolytic dis- 
sociation compatible with experimental data can be established. As the first 
step towards the general solution of the problem, a thermodynamical theory 
of dissociation of strong electrolytes of uni-univalent type in aqueous solutions 


* Professor of Physical Chemistry at the University of Krakow. 
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has been worked out and verified by the author. The thermodynamical 
method has been chosen here because it does not imply any assumption regard- 
ing the mechanism of electrolytic dissociation. 

Let us suppose with Ghosh^ that strong electrolytes are completely disso- 
ciated) and with Planck^ that their behaviour is due to the fact that their in- 
trinsic energy is not a linear function of the number of molecules. If we denote 
by U, S, C and ^ the intrinsic energy, the entropy, the Gibbs* constant of 
entrofy and Planck’s characteristic function of the solution, further by Uo and 
So the intrinsic energy and the entropy of i gram-molecule of the solvent, by 
u and s the intrinsic energy and the entropy of one gram-molecule of the electro- 
lyte, i.e, of the cation and anion jointly (u = Ui+U2,s = S, + S2), and by no, 
ni = n2 the number of gram-molecules of the solvent and of both ions; if we 

take further for the definition of the concentration of ions Ci==e2 = c =— , and 

no 

consequently calculate on this assumption the concentration of the molecules 
of the solvent Co= i — ac; then, in case of complete dissociation, the intrinsic 
energy of the solution would be U = noUo+niU, according to the classical con- 
ception that U is a linear function of the number of molecules, and Ghosh’s 
hypothesis would consist in the addition of a non-linear term U = noUo+ni 
[u — Gc^^®l, in which expression G denotes the constant of Ghosh. Ghosh’s 
term, —Gc'^*, takes account of the electrostatic field due to the ionic charges. 
The negative sign points to the fact that the resulting force acting between 
ions is attractive. As Ghosh’s constant G calculated from conductivity data 
does not keep constant, but first rises, passes through a maximum and then 
falls with dilution, it is obvious that his assumption regarding the second term 
of the intrinsic energy, — Gc^^®, is not correct. On the other hand, his 
formula does not allow either of a physical interpretation, because although 
the value of u— Gc^^®, as c tends to the limit zero, approaches u in accordance 
with the classical theory, the fact however that dissociated ions do not recom- 
bine cannot be explained by a formula in which only attractive forces acting 
between ions are taken into consideration. 

But if, instead of Ghosh’s function, the following function for the intrinsic 
energy be adopted 

U = noUo+ni [u- p (c'/T+ 7 (c'/®)”'] (i) 

A complete agreement between the theory of electrolytic dissociation and 
experimental data is reached. 

In the last two terms of this formula expressing the energy of the electro- 
static field account is taken of attractive [— P and repulsive [ 4 - y 
forces, and as m>n the repulsive forces fall more rapidly with the dilution 
than the attractive, and at the limit, as the concentration approached zero, 
first vanish the repulsive and then the attractive forces. With increasing con- 
centration a point is reached when attractive and repulsive forces balance each 
other, and consequently - /3 (c‘/»)“+7(c‘/»)"’=o, for still higher concen- 

‘ Ghosh: Z. physik. Chem. 98 , 21 1 (1921). 

*Planok: ^^Vorlesungen uber Thennodyiiainik,’*§273 (1921). 
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t rations the sum of both terms assumes a positive value, i.e. the repulsive 
forces predominate and do not allow to dissociated ions to recombine into 
neutral molecules. 

By assuming with Planck^ zero for the constant value of the pressure, 
p = o, which is equivalent to the assumption that the measurements are 
effected in vacuo instead of under atmospheric pressure, the differential equa- 


tion of the entropy, ds 


du+pdV, 

- 


can be brought to a simpler form 



(2) 


and consequently the entropy of the ions at constant temperature will be 


The entropy of the solution will assume then the form 

S = noSo+niS+C .(4) 

where C stands for Gibbs^ constant 

C = — R(nologco+2nilogc) (5) 

If we introduce further the abbreviations tp for the terms which depend upon 
the temperature and the pressure but are independent of the numbers of 


molecules no, ni. . . ( v? =8— ~), Planck’s characteristic function 
4 > (p,T,no, ni = S — in virtue of equations (i), (3) and (4) assumes the form 


4>=noV,+ni[^+ I (c‘/*)r+C (6) 


for the solution, and 

^i = noVo^ (7) 

for the vapour or solid phase in equilibrium with the solution. The vapour or 
solid phase consists here obviously of the pure solvent. 

The condition of equilibrium between the liquid and vapour, or liquid 
and solid phase will follow from the variation of at constant tempera- 

ture and pressure 

(d4>^+d«>p,T)=o (8) 

As the variations of the numbers of molecular species present are to each other 
in the relation 

dno :dni :dn'o — — 1:0 , 
mo 


^ Planok : ^ T orlesimgen uber Thcrmodynamik,” § 2 73 ( 1 92 1 ) . 
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where mo and m^o denote the molecular weights of the solvent in liquid and 
vapour or solid phase, equation (8) assumes the form 

IdCc*/*)"-!!, +dC.o (9) 

m‘o A A 

or considering that Co = i — 2C, and 

dC = — RlogCodno = 2RC 

and 


n‘ ni 
— dno = — 


it follows 


n ^ I + ^ , m 7 1 + 


3 RT ® 


3 RT 


" =:^ (^^o*-W=logK (10) 
R m 0 


The value of log K, at constant temperature and pressure, is constant, and 
for the pure solvent, where c==o, is obviously equal to zero. On the other 
hand, under the same conditions the freezing or boiling point of the solution 
(T) is evidently e(|ual t© the freezing or boiling point of the pure solvent (To) 

(logK)T-To=0 (ll) 

Expanding the difference logK— (logK)T=To with regard to temperature into 
Taylor's series and breaking with the first term, 

log K- (log K)t-t. = ~|- (T-To) (12) 

and considering further that ^ ^ *8 ^he latent heat of 

the transformation, we obtain from equations (lo), (ii) and (12) the equation 

, nB n mv — 

— j(T- To) = 2c(i - — - c j + - - - c M (13) 


6 RT 


6 RT 


which allows of the calculation of the lowering of the freezing point or of the 
raising of the boiling point (T— To) as a function of the number of molecules 
present in the solution and of the constants /3 and T. 

T-T..,o(.-f4c- + 5^c«)?^’ (. 4 ) 

As, on the other hand, the lowering or the raising of the transformation 
point on the basis of the classical theory is given by the expression 

RT 2 

T-To=(i+«)c-— (is) 


where a denotes the degree of dissociation, the comparison of equations (14) 
and (15) yields the relation between the degree of dissociations of the old 
theory and the constants /3 and 7 of the new theory 
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or 


I 


n 

3 


RT 


n/3 


+ 


3 RT 


(16) 


^ == . 5? fc'^) 

RT n RT 


(17) 


It is assumed further, in correspondence with experimental data, that 
m = 2n, which Rives to equation (17) a very convenient form for experimental 
verification 


)8 

RT 


7(1 -a). 7 

(c</3)n 2 T>n 


(c«/ 3 ).. 


RT 


(18) 


(cV*)*' is taken hero instead of c” in order to compare more conveniently the 
author's constant (i8) with Ghosh's constant 


G = 


3(1-0:) 


(19) 


Formula (18) was verified on Kohlrausch's conductivity data from which 
the degree of dissociation was calculated as a = X/Xo. On this assumption 
eg. (16) takes the form 


X = Xo 


( 


3 RT 




2n 

3 



(20) 


It is obvious from eq. (20) that the equivalent conductivity X, and conse- 
quently the mobility of ions increases with dilution, and for c = o reaches its 
limiting value Xo. On the other hand, in order to satisfy the condition that, 
at concentration c = t, X must be smaller than Xo, (X)c*i<Xo, the following 
inequality must occur between the constants 


/^/ > / 2 T/ (21) 

In the tables below, the constants jS/RT (eq.i8) and Ghosh's constants G 
(eq. 19) are calculated for salt solutions, at the temperature 18°, within a 
range of concentrations from 0.0001 norm, to 1 norm. In the the headings of 
columns c denotes the concentration (Kohlrausch's original non-recalculated 


data), a the degree of dissociation («= — G Ghosh's constant (eq. 19), 

Xo 

(cV*)“, the first term of eq. (18), and in the last column the 

(cV*) 


constant jS/RT. The value of 


27 

RT 


is given as the numerical coefficient of 


(cV*)" in the equation j8/RT»G^+2 (cV*)“ above the headings. 

RT 
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Table 1 

Potassium Iodide 


X0-131.1 |8/RT=G‘+o.6(c‘^»)’*» 



c 

a 

G 

(Cl/ 3 )t =>7 

G* 

/ 5 /RT 

1 

1 .0 

0.7902 

0.629 

I .000 

0.496 

I .10 

2 

0-5 

0.8119 

O.7II 

0.7464 

O.S 9 S 

1 .04 

3 

0,1 

0.8694 

0.847 

0.3772 

0.818 

1 .07 

4 

0.0s 

0.8943 

0.861 

0.2813 

0.888 

1 .06 

5 

0.02 

0.9237 

0.843 

0.1908 

0.944 

1 .06 

6 

O.OI 

0.9414 

0.816 

0.1423 

0.972 

1 .06 

7 

0.005 

0.9559 

0.774 

0. 1061 

0.981 

I 05 

8 

0.002 

0.9703 

0.707 

0.07202 

0.974 

I .02 

9 

0.001 

0.9781 

0.657 

0.05370 

0.964 

I .00 

10 

0,0005 

0.9837 

0.616 

0.03753 

I .026 

I 05 

11 

0 . 0002 

0.9881 

0.610 

0.02717 

I .051 

I 05 

12 

0.0001 

0.9902 

0.634 

0.02026 

I. 154 

I I5 


/ 3 /RT=i.o 6 ±s(± 5 ^) 

Kohlrausch und von Steinwehr: Sitzungsber. Berl. Akad. 1902, 585. 


Table II 

Potdssium Bromide 


X«=i32.3 /8/RT-G>+o.6(c‘/'*)‘** 



c 

a 

G 

|^B| 

G» 

i 3 /RT 

I 

0.5 

0.7964 

0.770 


0.633 

I .08 

2 

0.2 

0.8343 

0.850 


0.768 

I .07 

3 

0. I 

0.8634 

0.896 

0.3684 

0.856 

I .08 

4 

0.05 

0 . 8904 

0.893 

0.2705 

0-935 

I .10 

5 

0.02 

0.9208 

0.875 

0.1835 

0.996 

I .11 

6 

O.OI 

0.9401 

0.834 

1 1359 

1 .017 

1 . 10 

7 

0.005 

0.9554 

0.783 

0.1007 

1.023 

1 .08 

8 

0.002 

0 . 9699 

0.717 

0.06769 

1.027 

1 .07 

9 

0.001 

0.9781 

0.657 

0.05012 

1 .009 

1 .04 

10 

0.0005 

0.9833 

0 631 

0.03713 

1 .038 

1 .06 

11 

0.0002 

0.9886 

0.598 

0.02496 

1.054 

1 .07 

12 

0.0001 

0.9913 

0.562 

0 

b 

M 

00 

•.<4 

1 .087 

1 .zo 


j8/RT-i.o8±2(±2%) 

Kohlrausch und von Steinwehr: Sitzungsber. Berl. Akad. 1902, 585. 
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Table III 

Potassium Chloride 


Xo= 130.10 ^/RT = G‘+o.6(c'/")*** 



c 

a 

G 

(C«/ 3 )I 35 

G' 


I 

1 .0 

0 7554 

0-734 

I . 0000 

0 544 


2 

0 5 

0.7872 

0.804 

0.7328 

0 . 646 


3 

0 2 

0.8299 

0.873 

0.4846 

0.780 


4 

0. I 

0 8612 

0.897 

0 3548 

0 869 


5 

0.05 

0.8898 

0.897 

0.2597 

0 943 


6 

0.02 

0.9223 

0.859 

0 1681 

T .028 


7 

O.OI 

0.9412 

0 819 

0.1259 

T .038 

I . II 

8 

0.005 

0 9563 

0 . 766 

0.09215 

I 054 

I . II 

9 

0.002 

0 9709 

0.693 

0.06102 

A 059 

1 10 

10 

0.001 

0.9790 

0 630 

0 04467 

J 045 

I .07 

II 

0 . 0005 

0.9847 

0 577 

0.03273 

I 039 

1 .06 

12 

0 . 0002 

0 . 9902 

0 . 503 

0 02165 

1 006 

I .02 

13 

, 0.0001 

0.9922 

0 504 

0.01585 

1 .093 

I 10 


/3/RT=i.io±4(±49{) 

Kohlrausch und Maltby: VTiss. Abh. Reichsanstalt 3, 154 (1900); IjandolUs 
Tabellen, 1102 (1912). 


Table IV 

Caesium Chloride 

Xo=i33.6 /3/RT = G'+o 



c 

a 

G 

(Cl/3)I 32 

G‘ 

/3/RT 

1 

0. 1 

0.8500 

0.970 

0.3631 

0.939 

I . 16 

2 

0.01 

0.9371 

0.876 

0. 1318 

1 .084 

I . 16 

3 

0.005 

0 9563 

0 767 

0.09718 

1.022 

I ,08 

4 

0.002 

0 . 9690 

0 738 

0.06494 

b 

00 

ij\ 

1 . 12 

5 

0.001 

0.9779 

0.663 

0.04786 

I 049 

00 

0 

6 

0.0005 

0.9833 

0.631 

0-03532 

1 .074 

I . 10 

7 

6 . 0002 

0.9881 

0.610 

0.02357 

I . 148 

1 . 16 

8 

0.0001 

0 . 9904 

0.621 

0.01738 

I 255 

1 .26 


^/RT=i.I2±4(±4%) 

Kohlrausch und von Htoinwehr: Sitzungsber. Berl. Akad. 1902, 585 . 
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Table V 

Potassium Sulphocyanate 

X,= i2i.3 |8/RT = G'+o.6(c'/^)'-"* 



c 

a 

m 

(^ 1 / 3 ) 1.35 

Gi 

jS/RT 

I 

1 .0 

0-7553 


I . 0000 

0.544 

I .14 

2 

0.5 

0.7891 


0.7328 

0.640 

I .08 

3 

0. 1 

0.8401 

1 034 

0.3548 

1 .001 

I .21 

4 

0.05 

0.8886 

0.907 

0.2597 

0.953 

1 . II 

S 

0.02 

0.9200 

0.884 

0. 1720 

I 034 

I. 14 

6 

O.OI 

0.9396 

0.841 

0.1259 

1 .066 

1.14 

7 

0.005 

0.9548 

0 . 793 

0.09215 

1 .087 

I I5 

8 

0.002 

0.9701 

0 . 712 

0.06102 

1 .089 

I 13 

9 

O.OOT 

0.9783 

0.651 

0.04467 

1 .080 

T . II 

10 

0.0005 

0.9842 

0-597 

0.03273 

I 075 

I . 10 

11 

0 . 0002 

0 9895 

0-539 

0.02165 

1 . 129 

I .14 

12 

0.0001 

0.9913 

0 562 

00 

0 

0 

I . 220 

1-23 


^/RT=i.t4±6(±s9c') 

Kohlraiisch imd von Steinwehr: Sitzungsher. Berl. Akad. 1Q02, 585. 


Table VI 

Sodium Chloride 


Xo= 109.0 ^/RT = G>+o.6(c*^'‘)"*” 



c 

a 

G 

(pi/ 3)..40 

G* 

jS/RT 

r 

1 .0 

0.6822 

0-953 

I 0000 

0.681 

I .28 

2 

0.5 

0.7425 

0.973 

0.7244 

0 . 762 

I .20 

3 

0.2 

0 . 8048 

I .001 

0.4719 

0,887 

I. 17 

4 

0. 1 

0 . 8443 

I .007 

0.3414 

0,977 

1.18 

5 

0.05 

0.8780 

0.994 

0.2471 

1 .058 

I .21 

6 

0.02 

0.9141 

0.950 

0 . I6II 

1 . 143 

1.24 

7 

0.01 

0.9353 

0.901 

0. 1 166 

1 . 190 

1 .26 

8 

0.005 

0.9519 

0.844 

0.08437 

1 .222 

I .27 

9 

0.002 

0.9685 

0.750 

0 05503 

1 .227 

I .26 

10 

0.001 

0.9772 

0.684 

0.03981 

1 .227 

1-25 

11 

0.0005 

0.9833 

0.631 

0.02884 

1 .241 

I .26 

12 

0.0002 

0.9895 

0-539 

0.01878 

1 . 198 

I .21 

13 

0.0001 

0.9917 

0.537 

O.OT359 

1 .308 

I- 3 I 


/ 3 /RT = i.24±6(±s%) 

Kohlrauach und Maltby: Wias. Abh. Keichsanstalt 3 , 154 (1900); Landolt’s Tabellen, 
1102 (1912) 
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Table VII 

Potassium Chlorate 

Xo=ii9.7 / 3 /RT = G>-|-o 



c 

a 

G 

(e'/ 3 )' 3 H 

G> 

/ 3 /RT 

T 

0.5 

0 7124 

1 086 

0 7278 

ITi 

OC 

0 

I 30 

2 

0 . 2 

0 7818 

I I ig 

0 4769 

0 994 

I 32 

3 

0. I 

00 

oc 

0 

1 . 105 

0 3467 

1 .074 

T 32 

4 

0.05 

0 8666 

T .094 

0.2521 

1.150 

T 30 

5 

0,02 

0 gogo 

1 .006 

0 t6i2 

I 227 

1*32 

6 

0 .-Ol 

0 9324 

0.942 

0 . 1202 

1 223 

1 . 29 

7 

0 005 

0 9510 

0 860 

0 08740 

I 219 

1 27 

8 

0 002 

0 9670 

0 764 

0 05735 

1 217 

^ 25 

Q 

0,001 

0 

0 

0 

0 690 

0 04169 

1 199 

1 .22 

10 

0.0005 

0 9831 

0.639 

0.03034 

I 21 1 

I 23 

XI 

0,0002 

o.q88« 

0 575 

0 01984 

T 228 

1.24 

12 

0,0001 

0.9913 

0 562 

0 01445 

I 308 

I 32 


/ 3 /RT=i 28 ± 4(3 5^-0 

Kohlrausch und v«ii Stoinwchr- Sitzungshpr Berl Aknd. 1002, 585. 


Table VIII 
Potassium Nitrate 


Xo= 126.4 /8/RT = G‘-|-o 



C 

a 

G 


G‘ 

/ 3 /RT 

I 

I .0 

0 6365 

T 090 

I . 0000 

0 752 

1-35 

2 

0.5 

0 . 7060 

I . Ill 

0 .7161 

0.849 

1 .28 

3 

0.2 

0 7811 

1 .123 

0.4593 

0 980 

1 26 

4 

0 1 

0.8288 

1 . 107 

0.3286 

T .078 

1 .27 

5 

0.05 

0.8692 

1 .065 

0.2351 

I . 1 5 2 

I 29 

6 

0.02 

0.9114 

0.979 

0.1509 

1 2 T 4 

i 32 

7 

O.OI 

0.9353 

0 901 

0 . 1080 

1 . 240 

T.31 

8 

0.005 

0 9528 

0.828 

0 07725 

I 264 

I 31 

9 

0.002 

0 . 9699 

0.717 

0.04962 

i -255 

1 .29 

TO 

0.001 

0 9779 

0.663 

0.03548 

1.288 

I 31 

II 

0.0005 

0 . 9840 

0 . 605 

0 02541 

1.302 

1 32 

12 

0,0002 

0 . 9904 

0 493 

0.01629 

1.230 

r 24 

13 

0.0001 

0.9926 

0.478 

0.01164 

1-315 

1-32 


jS/RT^ 1 .3o±4(±3%) 

Kohlrausch und Maltby: Wiss. Abh. Reichsanstalt 3, 210 (1900). 
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Table IX 

Lithium Chloride 


X«= 98.89 /3/RT = G‘+o.6(c*/^)'‘^ 



c 

a 

G 

(c«/ 3 )I .42 

G» 

/ 3 /RT 

I 

1 .0 

0 . 6406 

b 

00 

I . 0000 

0.749 

I- 3 S 

2 

0.5 

0.7150 

1.077 

O.72II 

0.83s 

I .27 

3 

0.2 

0.7879 

1 .088 

0 . 4668 

0.960 

1.24 

4 

0. 1 

0.8333 

1 .077 

0.3362 

1.047 

I.2S 

5 

0 05 

0.8708 

T .051 

0.2450 

I IT4 

I .26 

6 

0.02 

0 . 9090 

1 .006 

0.1569 

1.254 

1.35 

7 

0 .01 

0.9317 

0.951 

0.II3I 

1.273 

1-34 

8 

0.005 

0.9497 

0.882 

0.08145 

I .304 

1.35 

9 

0.002 

0.9670 

0 . 786 

0.05279 

1.320 

1*35 

10 

0.001 

0.9759 

0 723 

0.03802 

1.339 

1 .36 

II 

0.0005 

0.9826 

0.658 

0 02742 

1.310 

1-33 

12 

0 . 0002 

0.9893 

0 549 

0.01774 

I 274 

1 .29 

13 

0.0001 

0.9924 

0.491 

0.01278 

T 256 

1 .26 


0 /RT=i 32 ±s(± 4 %) 

Kohlrausch und Malthy: Wiss. Abh. Reichsanstalt 3, 210 (1900) 


Table X 

Sodium Nitrate 


Xo= 105.33 / 3 /RT=G>+o. 6 (c‘/*)*« 



c 

a 

G 

(C«/ 3 )I 41 

G> 

13 /RT 

I 

I .0 

0.6253 

I . 124 

I .000 

0.775 

1-37 

2 

0.5 

0.7031 

I . 122 

0.7161 

0.858 

I .29 

3 

0.2 

0.7812 

I .123 

0-4593 

0.986 

I .26 

4 

0. I 

0.8283 

I . no 

0.3286 

I .081 

M 

00 

5 

0.05 

0 . 8680 

1 .075 

0.2351 

I . 162 

1-30 

6 

0.02 

0 . 9084 

I .016 

0.1509 

I . 260 

I- 3 S 

7 

0 .01 

0.9322 

0.944 

0 . 1080 

1.299 

1-38 

8 

0.005 

0.9499 

0.879 

0.07725 

1-342 

1-39 

9 

0.002 

0.9672 

0.781 

0.04962 

1.368 

1 .40 

xo 

0.001 

0.9763 

0.711 

0.03548 

1.382 

1 .40 

II 

0.0005 

0.9828 

0.650 

0.02541 

1 .401 

1.42 

12 

0.0002 

0.9893 

0.549 

0.01630 

1-359 

1-37 

13 

0.0001 

0.9926 

0.478 

0 .01166 

1-313 

1 .33 


^/RT=i. 3S±7 (±s%) 

Kohlrausch undMaltby: Wiss. Abh. EeiohsanstaltS, 154 (1900); Landolt’sTabellen, 

1102 (191a). 
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Table XI 

Lithium Nitrate 


X,-9S i8 |8/RT = Gi+o 



c 

a 

G 

(ct/a)i 43 

G* 

18/RT 

1 

1 .0 

0.6348 

1 .085 

I . 0000 

0-759 

I 36 

2 

0*5 

0.7144 

1.079 

0.7194 

0 833 

T 27 

3 

0.2 

0.7881 

I 087 

0 4643 

0.958 

I 24 

4 

0. 1 

0.8320 

I .086 

0.3336 

I 056 

I 26 

5 

0.05 

0 . 8690 

1 .067 

0.2398 

1.147 

I . 29 

6 

0.02 

0.9078 

I .019 

0 1549 

1 .248 

I -34 

7 

0 OI 

0.9309 

0 962 

0. 1114 

I .302 

I 37 

8 

0.005 

0.9488 

0.898 

0.08002 

I 343 

I 39 

9 

0.002 

0 9661 

0.806 

0.05170 

1-375 

I 41 

10 

0.001 

0.9754 

0.738 

0 03715 

I 390 

I 41 

1 1 

0 . 0005 

0 9824 

0 665 

0 02673 

1 381 

1 .40 

12 

0.0002 

0 9891 

0 

0 

0.01725 

T 325 

1 -34 

13 

0.0001 

0 9924 

0 491 

0 01240 

I . 286 

1 29 


^/RT= 1 .34±7(±5<;{) 

Kohlraiisoh und Maltby: Wiss Abh. Reichsanstalt 3 , 154 (1900;. 


Table XII 
Silver Nitrate 


Xo=iis .8 / 3 /RT = G>-|-o 



(; 

a 

G 

(p./ 3).47 

G‘ 

18/RT 

I 

1 .0 

0.5837 

1.249 

I 0000 

0 850 

T.45 

2 

0-5 

0 . 6692 

1.250 

0.7129 

0.947 

I -38 

3 

0. I 

0.814s 

1. 199 

0.3236 

1.170 

1 -36 

4 

0.05 

0.8592 

I 147 

0.2304 

I .248 

I 39 

5 

O.OI 

0.9309 

0.962 

0,1047 

I -347 

1 .41 

6 

0.005 

0.9506 

0.867 

0 07456 

I 352 

1 .40 

7 

0.002 

0.9683 

0.755 

0.04760 

1-359 

I 39 

8 

0.001 

0.9763 

0 . 71 1 

0 03388 

1 .446 

1 46 

9 

0.0005 

0.9833 

0.631 

0.02415 

I .411 

1.42 

10 

0 . 0002 

0.9893 

0-549 

0.01540 

I .386 

1 .40 

II 

0.0001 

0.9931 

0.446 

0.01096 

I 284 

1 29 


/ 3 /RT= 1 . 4 o±s(± 3 . 5%) 

Kohlrausch und von Steinwehr: Sitzungsber. Berl. Akad. 1902, 585. 
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Table XIII 
Thallium Nitrate 


Xo=i27.75 ^/RT*G‘+o.6(c'/»)*« 



(• 

a 

G 

(cI/3).44 

G‘ 

j8/RT 

I 

0 I 

0.7920 

I -345 

0.3311 

00 

0 

ro 

1-51 

2 

0.05 

0 8448 

I . 264 

0.2320 

1.361 

X so 

3 

0.01 

0.9268 

I 020 

0.1096 

1. 391 

I .46 

4 

0.005 

0.9477 

0 .qi8 

0.07861 

1.386 

I -43 

5 

0.002 

0 . 9663 

0.802 

0.05065 

1 .386 

1.42 

6 

0.001 

0-9757 

0 729 

0.03631 

1-394 

1. 41 

7 

0.0005 

0.9831 

0 639 

0.02606 

1-357 

1-37 

8 

0.0002 

0.9879 

0.621 

0.01677 

1 • 503 

i-Si 

9 

0.0001 

0.9913 

0 . 562 

0.01202 

1.508 

1-57 


i8/RT=i.4S±6(=t4%) 

Kohlrausch und von Stein wehr: Sitzungsher. Berl. Akad. 1902, 585; Landolt's 
Tahellen, 1102 (1912). 


Table XIV 
Potassium lodaie 


X,»o8 so /3/RT = G'+o.8(c‘/*)‘« 



c 

a 

G 

(j,./. 5).43 

G* 

i 3 /RT 

T 

0.2 

0.7546 

1-259 

0.4643 

I 109 

1 .48 

2 

0. 1 

0.8087 

I 237 

0.3336 

I .201 

I -47 

3 

0.05 

0.8533 

1-195 

0.2397 

1.283 

1-47 

4 

0.02 

0.8997 

1 . 109 • 

0.1549 

^•358 

1 .48 

s 

O.OI 

0.9262 

1 .028 

0. III4 

1-391 

1 .48 

6 

0.005 

0.9458 

0.951 

0 . 08002 

I 421 

1-49 

7 

0.004 

0.9510 

0.926 

0.07194 

1.429 

1.49 

8 

0.002 

0.9647 

0.840 

0.05171 

1-432 

1-47 

9 

0.001 

0.9750 

0.750 

0.03715 

1 .412 

1-44 

10 

0 0005 

0.9817 

0.692 

0.02673 

1-436 

1 .46 

II 

0.0002 

0.9881 

0.610 

0.01725 

1-447 

1 .46 

12 

0.0001 

0.9910 

0.582 

! 

0.01240 

1.489 

1-50 


^/RT-i.47±3(±2%) 
Kohlraufich: Sitzungsber. Berl. Akad. 1900, 1002. 
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Table XV 
Sodium lodate 


Xo - 7 7 . 42 i8/RT = + T . o 



c 

a 

G 

(C>/3)M» 


G* 

^/RT 

I 

0 . 2 

0 . 7164 

I 455 

0.4521 

I 

272 

I 72 

2 

0 I 

0 7809 

1 .417 

0.3210 

I 

• .583 

I .70 

3 

0.05 

0.8326 

1 .360 

0 . 2281 

I 

.488 

1.72 

4 

0.02 

0.8857 

1 . 264 

0 1451 

I 

597 

1-74 

5 

0 .01 

0 . 9^54 

1.179 

0 1031 

1 

663 

I 77 

6 

0.005 

0 .9380 

I .087 

0.07324 

T 

716 

I 79 

7 

0.004 

0.9441 

1 .056 

0 06561 

I 

723 

I 79 

8 

0 002 

0.9598 

0 957 

0.04662 

I 

747 

I 79 

0 

0.001 

0 97 1 2 

0 864 

0.03311 

I 

763 

I 80 

10 

0 0005 

0 9797 

0.767 

0 02355 

I 

747 

I 77 

1 1 

0 . 0002 

0.9874 

0 . 646 

0 01497 

I 

706 

I 72 

12 

0 .OOOT 

0 . 9906 

0 . 607 

0.01063 

I 

792 

I 80 


/ 3 /RT= 1 . 7s±s(±2 .5%) 

Kohlrausch: Sitzungsber. Berl. Akad. IQOO, 1003. 


Table XVI 
Lithium lodate 


Xo = 67.34 ^/RT^G' + i.oCc'^-’)*** 



(; 

a 

G 


G' 

( 8 /RT 

i 

1 .0 

0.4426 

I .672 

I 0000 

T 100 

2 10 

2 

0.5 

0.5788 

I ■ 562 

0 7047 

I . 180 

I 89 

3 

0.2 

0 . 6960 

1 , 560 

0.4424 

1 356 

I 80 

4 

0. 1 

0 7647 

I 525 • 

O.3TI4 

I 491 

T 80 

5 

0.05 

0 8206 

1.461 

0 2192 

I 615 

1 83 

6 

0.02 

0 

OC 

d 

1-359 

0.1377 

I 762 

I 90 

7 

0 .01 

0.9095 

1 . 261 

0 . 00696 

I -843 

I 94 

8 

0.005 

0.9340 

1.158 

0.06825 

1.909 

I .98 

9 

0.002 

0.9572 

T .019 

0.04291 

I . 068 

2 01 

10 

0.001 

0.9692 

0.924 

0.03020 

2.013 

2 04 

IT 

0 . 0005 

0.9784 

0.816 

0 02128 

2 .004 

2 02 

12 

0 . 0002 

0.9870 

0.667 

0.01336 

1 .021 

1.93 

n 

0.0001 

0 . 9908 

0.595 

0 . 009404 

I .932 

1-94 


j8/RT=i.94±i2(±6%) 
Kohlrausch: vSitzungsber. Berl. Akad. 1900, 1003. 
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Table XVII 

Ammonium Chloride 


Xo=I 29-5 / 3 /RT = G>+o.6(c*/*)‘” 


c a 

I i.o 0.7491 

G 

0-753 

(<, 1 / 3)137 

I . 0000 

G» 

0.549 

/ 3 /RT 

I-I 5 

2 0.5 0.7829 

0.821 

0.7295 

0.652 

I .09 

3 0.3 0.8044 

0.876 

0 5771 

•0.742 

I .09 

4 0.2 0.8224 

O.9II 

0.4795 

O.81I 

I .08 

S 01 0.8544 

0.941 

0.3493 

0.913 

1 . 12 

6 0.05 0.8896 

0.899 

0.2546 

0.950 

1 . 10 

7 0.03 0.9097 

0.878 

0.2017 

0 987 

I .11 

8 0,02 0.9237 

0.843 

0.1675 

0.997 

1 . 10 

9 o.oi 0.9428 

0.797 

0 . 1221 

I .027 

I . 10 

10 0.005 0.9586 

0 . 726 

0.08896 

I .019 

I .07 

II 0.002 0.9775 

0.541 

0.05855 

0-954 

0.99 

12 0.001 0.9828 

0.516 

0.04266 

0.883 

0.91 

13 0.0005 0.9891 

0.412 

0 . 03 1 1 2 

0.767 

0 79 

14 0.0002 0.9941 

0 .272 

0.02046 

0 567 

0.58 


|3/RT=i.io±4(±4%) 
Kohlrausch: Landolt’s Tabellen, 1103 (1912). 


XVIII 

Potassium Acetate 


X« = 99.6o / 3 /RT = G'+o.6(c'^'*)'** 



c 

a 

G 

(Cl/ 3 )i .52 

G* 

jS/RT 

I 

1 .0 

0 6365 

1,060 

I . 0000 

0.698 

1-30 

2 

0.5 

0.7190 

I .062 

0 . 7047 

0.788 

1.21 

3 

0.3 

0.7688 

1 .036 

0 . 5444 

0.840 

1.17 

4 

0 . 2 

0.7950 

1.052 

0.4424 

0.915 

1 . 18 

5 

0. 1 

0.8412 

I .027 

0.3114 

1 .007 

1. 19 

6 

0.05 

0 . 8804 

0.974 

0 .2192 

1.077 

1 .21 

7 

0.03 

0.9026 

0.940 

0 . 1692 

1.136 

1 .24 

8 

0.02 

0.9185 

0.901 

0.1377 

1 . 168 

I-2S 

9 

0.01 

0.9436 

0 . 786 

0 . 09696 

1 . 148 

I .21 

10 

0.005 

0 . 9605 

0.691 

0.06670 

1 . 171 

I .21 

II 

0.002 

0.9788 

0.505 

0.04291 

0.975 

I .00 

12 

0.001 

P.9S70 

0.390 

0.03020 

0 

00 

0 

0.87 

n 

0.0005 

0.9928 

0.272 

0.02128 

0-653 

0.66 


^/RT=i.23±6(±s%) 

Kohli^uflch und Holbom: “Leitvermdgen der Elektrolyte’', 159 (1898); Landolt’s 
Tabelien, 1103 (19x2), 
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Table XIX 
Hydrochloric Add 

Xo = 379.3S /3/RT-G‘+o.4(c‘/")*« 



c a 

G 

(Cl/ 3 )I SS 

G> 

j8/RT 

I* 

1.0 0.7932 

0.620 

I . 0000 

0.400 

0.80 

2 

0.5 0 8580 

0.537 

0.6982 

0.393 

0.67 

3 

0.2 0.9016 

0.505 

0.4353 

0.438 

0.61 

4 ** 

o.i 0.9264 

0 475 

0.3043 

0.468 

0.59 

5 

0.05 0.9450 

0.448 

0 .2127 

0.501 

0.59 

6 

0.03 0.9557 

0.428 

0.1634 

0.525 

0.59 

7 

0.02 0.9636 

0.402 

0.1324 

0.532 

0-59 

8 

O.OI 0.9736 

0.368 

0.09262 

0 552 

0.59 

9 

0.005 0.9822 

0 312 

0.06474 

0.532 

0 56 

10 

0.002 0.9893 

0.255 

0 04033 

0.516 

0-53 

II 

0.0015 0.9902 

0.257 

0 03395 

0 559 

0.57 

12 

0.001 0.9908 

0 . 276 

0.02818 

0 632 

0 64 

13 

0.00075 0.9917 

0.274 

0.02429 

0.661 

0 67 

14 

0.0005 0.9938 

0 240 

0 .01972 

0 608 

0.62 



^/RT=o. 

62±6(=tio%) 




*Kohlrausch und Holborn’s ‘^Leitvermogcn der Elektrolyte*' (1898). 



**Goodwin and Haskell: 

Z. physik. Chera. 52 , 630 (1905) (Abstract). 



Table XX 




n 

7/RT / 3 /RT 

A% 

Class 

I 

KI 1.27 

0-3 

1 .06 

± 5 % 


2 

KBr 1.30 

0.3 

1 .08 



3 

KCl I 35 

0.3 

1 . 10 

± 4 % 

1. 

4 

CsCl 1.32 

0-3 

1 . 12 

± 4 % 


5 _ 

KSCN 1 .35 

0.3 

1. 14 

± 5 % 


6 

NaCl 1 . 40 

0-3 

1.24 

± 5 % 


7 

KCIO, 1.38 

0.3 

1 . 28 

=‘= 3 - 5 % 

8 

KNO, r.45 

0-3 

1*30 

± 3 % 

2 

9 

LiCl 1.42 

0-3 

1.32 

± 4 % 


10 

NaNOs 1.45 

0-3 

1-35 

± 5 % 


II 

LiNOa 1.43 

0.3 

1-34 

± 5 % 


12 

AgNOs 1.47 

0-3 

1 . 40 

=^3 • 5 % 

13 

TINO, 1 . 45 

0.3 

1.45 

=^ 4 % 

3 . 

14 

KIO, 1.43 

0.4 

1.47 

±2% 


IS 

NalO* 1.48 

0.5 

I 75 

±2.5% . 

16 

LilOa 1.52 

0.5 

1-94 

±6% 


17 

NH4C1 1.37 

0.3 

1 . 10 

± 4 % 

1. 

18 

KCHsCO^ 1.52 

0.3 

1.23 

± 5 % 

2. 

19 

HCl 1.55 


0.62 

±10% 
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The tabulation of results according to ascending values of /8/RT allows of 
a classification of uni-univalont salts. Four classes can be distinguished with 
the following characteristics: 


Class 

P/RT 

^/RT 

n 

n/3 

7 /RT 

I 

1.05— 1. 15 

1 . 10 

1 .32 

0.44 

0.3 

11 

1.20 — 1 .35 

1 .30 

1 .42 

0.47 

0-3 

III 

X .40 — 1 .50 

1-45 

1-45 

1 .48 

0.3—0. 

IV 

I . 70 — 2 .00 

1.85 

1.50 

0 

0 

0-5 


This classification is very closely related with the ionic mobilit3^ To the 
first class belong salts whose cations and anions possess simultaneously the 
highest mobility (on the average 66) ; to the second class those salts or one 
both, of whose ions do not belong to the quickest type comprised by class I, but 
neither belongs to the slowest type (average mobility 33); this class is the 
most common and embraces the majority of salts; the fourth class contains 
salts one or both of whose ions belong to the slowest type (average mobility 
33) but neither to the quickest type. LilOa whose cation and anion both 
possess the lowest mobility 33 is the most striking representative of this class 
all its constants / 3 /RT, 7/flT and n reaching the highest value. 

7/RT for the first two classes is constant and equal to o .3. In the last 
class the value of 7/RT is 0.5. KIO3 which is composed of a cation of the 
highest and of an anion of the lowest mobility occupies a transitive position 
between the fourth and the third class. The inequality (21) /P> f2y/ 
obtains in all investigated cases. 

The average class value of the exponent n changes symbatically with the 
class value of iS/RT, but within a class the oscillations of n are irregular. 

The experimental error A% oscillates between 2% and 5%. Considering 
the wide range of concentrations from 0.0001 norm, to 1 norm, and the fact 
that the theory has been decided for dilute solutions, where different defi- 
nitions of the concentrations, such as c = , or c = ore — —— — 

no no+ni+n2. . . , Liter, 

are practically equivalent, the agreement between the theory and experimen- 
tal data can be considered just as satisfactory as for the dilution law of 
Ostwald. 

Salts undergoing hydrolytic dissociation with liberation of hydrogen 
(NH4CI) or hydroxyl ions (KCH3CO2) behave normally down to the concen- 
tration 0.005, as can be inferod from Tables XVII and XVIII, and possess a 
constant characteristic of their class; below this concentration and down to 
o 0002 norm, the constant falls rapidly. As the degree of hydrolysis increases 
with dilution and is inversely proportional to the square root of the concentra- 
tion — the rapid and continuous fall of the constant is due to the increasing 
Influence of the exchange of slow salt ions for very mobile hydrogen or hydro- 
xyl ions. 
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Hydrochloric acid (Table XIX) behaves differently from salts. In the 
first place its constant jS/RT can lx* calculated only to o . 5 norm’, and even in 
this shorter range the oscillations of its value reach+ to^/o ; in thesecond place, 
the exponent n, which analogously with results obtained for salts should be 
less than for KI is, on the contrary, greater than for LilO^, namely i 55. 
Here, obviously, formula (18) which is characteristic of the Ix^haviour of salts 
cannot be applied with the same degree of accuracy. Thus, the behaviour of 
strong acids is in some way different from that of salts. 

Physical Interpretation 

The exponent 11/3 is very characteristic. In Ghosh’s theory its value is 
1/3, and c* measures the reciprocal valui' of the distance between ions. 
But this statical conception, as was demonstrated by Debye and Hiickel^, is 
not correct. The treatment of the problem hy the methods of statistical 
mechanics leads to the squan' root of the concentration instc^ad of the cubic 
root of Ghosh’s theory i.e. to the value of the exponent 1/2 instead of 1/3. 
The value of the exponent, o 44 — o 51, calculated in the present paper 
yields a strong exp(Tinien< al support to Debye’s theory®. 

Debye has given a sci(*nt.ific foundation to Ghosh’s hypothesis but did not 
develop it, therefore, the fact that Di'bye’s formula is applicable only to very 
dilute solutions can be considered as a definite proof of the incompleteness of 
Ghosh’s conception. Debye and Ghosh consider the ions as j)oints or volumes 
carrying uniform positive or negative electric charges, and do not take* account 
of the constitution of the ions which follows from Bohr’s theory and Kossel’s 
conceptions according to whi(*b the ions of the elements adjacimt from both 
sides to the group zero of the peniodic system possess the same constitution as 
the corresponding inert gasi^s of this group. In this way the}" are constituted 
of a nucleus carrying a positive charge, and, on the outside, of a very stable 
kinematic system of eight negative electrons. The difference between positive 
and negative ions would consist on this assumption in the fact that for positive 
ions the positive charge of the nucleus is greater than the total negative charge 
of all the electrons of the ion, while for negative ions it is smaller. At great 
distances i.e. at great dilutions the integral positive or negative' charge of the 
ions is characteristic of their behaviour, and cations and anions can be consid- 
ered as positively or negatively charged spheres attracting each other, as is 
assumed in Debye’s theory. But with decreasing distance, i.e., with increasing 
concentration the repulsion of negatively charged outer rings b('(*omes more 
and more prominently superposed to the attraction. In the last term of the 
intrinsic energy of formula (i), +7(c*/®)“, account is taken of this repulsion 
and, as in this way a very satisfactory agreement with experimental data is 
reached, it must be considered as an important experimental support of treat- 
ing the ions of electrolytic dissociation as electrostatic spheric doublets with 

* At 1.0 norm, the deviation of the constant from the aver:i}?(» vahie attains 30%! 

* Debye und HUckel: Physik. Z. 24 , 185 (1932). 

® The results of this pai)er were communicated to the Polish Chemical (Congress in 
Warsaw, April 4th, 1923, before Debye’s paper app<»ared (May 1923b 
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positive charge in the centre and negative on the surface of the sphere. From 
this point of view the stability of the exterior electronic ring of the ions is 
answerable for the fact that oppositely charged ions cannot recombine just in 
the same way and on the same ground, as for the fact that atoms of inert gases 
do not combine into molecules with atoms of the same species or into chemical 
compounds with atoms or molecules of other species. Therefore, this paper 
must be considered as a strong experimental support of KossePs hypothesis. 

The value of the constant 0 /RT is characteristic of the electrostatic field 
created by the ions. In the first class of salts the constant is the lowest and 
consequently the electric field the weakest. This is in perfect agreement with 
the fact that K, RC, Cs and Cl, Br, I ions possess the highest mobility, the 
mobility of ions being on Born’s theory^ the greater the smaller is the electric 
field created by the ion. On the other hand the ions of class IV, e.g., Li 
possess the highest value of /3/RT and the lowest mobility 33, at the same time 
their electrostatic field reaches the highest value. 

The univalent ions of groups I B and III B of the periodic systema s Ag 
and T1 behave somewhat differently; inspite of their high mobility 55 and 66 
their constant j3/RT is greater than for the K and Na ions (i8/RT= i .45). 
This points to the difference in the stability of the exterior electronic system in 
groups zero and eight of the periodic system. 

The exceptional constitution of the hydrogen ion which consists of a 
single positive elementary electric charge is answerable for the fact that acids 
even the strongest as the hydrochloric acid, are partially dissociated while the 
electrolytic dissociation of salts is complete. There is no exterior ring of elec- 
trons in the hydrogen ion preventing its recombination with anions into a 
neutral molecule. This is the reason why hydrochloric acid does not obey the 
same dilution law as the salts (formula 18) and why the majority of organic 
anions recombines so greatly with the hydrogen ion as to form very weakly 
dissociated acids. 

The same tendency of the hydrogen ion to recombine with corresponding- 
ly constituted anions is answc'rable for the hydrolysis of salts of weak acids. 
Analogous constitutional reasons, although they are not so obvious, must 
apply also to the hydrolytic activity of hydroxyl ions. 

The physical meaning of formula (20) is obvious. It can be written in the 
form 


U = Uo(i- 


L 

3 RT 




+ 


2n 



(22) 


where U denotes the mobility of the ion. 

According to Born® the energy of a uniform electrostatic field in which 
ions move will be used up not only towards the contributions of velocity to 
ions, but also towards the reconstruction of the electric field whose uniformity 
is constantly disturbed by the irregular superposition of electrostatic fields 
due to ionic charges, and towards the setting of the axes of the electrostatic 


‘ Born; Z. Elektrochem. 26 , 401 (1920) 

» Born: Z. Elektrochem. 26 , 401 (1920). 
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doublets of the molecules of the solvent which are continually deviated from 
the direction of the exterior electrostatic field by collisions with other molecules 
The work used up for this purpose will be the greater the greater are the elec- 
trostatic moments of the molecules of the solvent, but these according to the 
theory of Sir J. J. Thomson^ will be increased under the influence of ionic; 
charges which induce upon the molecules of the solvent an additive^ electro- 
static moment. The stronger will be the ionic field, i.e., the greater the* con- 
centration, the greater will be also the induced moment, and conseqiu'ntly 
the greater the energy of the exterior electrostatic field required for the s(‘tting 
of the axes of the doublets. Therefore, the motion of ions in the ek'ctric field 
will be continuously hampered with increasing concentration and the ionic 
mobility will decrease. 

According to this theory the decrease of the equivalent conductivity with 
concentration is exclusively due to the decrease of the ionic mobilit}", and thus, 
the theory of electrolytic dissociation of salts is brought to great simpli(*ity 
and clearness, and these remains no ambiguity created in the old theory by the 
necessity of defining and interpreting the degree of dissociation. 

Formula (i8) is yet capable* of further improvement. If we admit with 
Debye the square root of (‘oncent ration as a fundamental n*lation, we* e*an, 
instead of postulating rn = 211, kee*p n constant and equal to i 2, n = i ' 2, anel 
consider m as variable, 


/3/RT = 


c '/2 


- 1-2111 


RT 


2m — I 





This would follow from the assumption of the function 

U = NoTJo+Ni[u~^c^'"+C7"’] (24) 

instead of function (i) for the intrinsic energy m would be here slightly differ- 
ent from I, and its value woulel be characteristic of the repulsive forces acting 
between the exterior rings of ions, and conse(juently of the constitution of the 
ions. 


As the calculations of const ants presented in this paper was effected before* 
the appearance of Debye’s article 1 could not make use of his square root rela- 
tion and therefore could not establi.sh if formula (23) would show as good or a 
better agreement with experimental data as formula (18). At any rate, before 
a theory of the phenomenon based on statistical mechanics will be worked out 
the difference between both formulae must be considered as purely formal. 
Nevertheless the consideration of formulae (23) and (24) makes it intelligible 
why the exponents n calculated on the ground of formula (t 8) are not constant 
and equal to 1/2 but vary from o 44 — 0.51. Still another reason for the 
variation of the exponent m can be looked for in the fact that, according to 
Debye’s theory, the constant is a function of the dielectric constant of the 
solvent, which increases its value in a yet unknown way with progressing ionic 
concentration. Such a stipulation is a consequence of electrostatic moments 
induced upon the electrostatic doublets of the molecules of the solvent by the 
ionic charges of a strong electrolyte. 


^ J. J. Thomson: Phil. Mag. 27 , 757 (1914). 



A STUDY OF THE ELECTROLYTIC DISSOCIATION OF SOME 

SALTS IN FURFURAL 

BY FREDERICK H. GBTMAN 


According to the familiar Nernst-Thomson* hypothesis, the dissociating 
power of a solvent is largely determined the magnitude of its dielectric con- 
stant. In general, those solvents which possess high dielectric constants cause 
greater dissociation of a given solute at a given concentration than solvents 
whose dielectric constants arc low. Furfural, C5H 1O2, has long been known to 
possess a relatively high dielectric constant, its mean value at 25® being 38. 
If the more common solvents are arranged in the order of their dielectric con- 
stants, furfural is found to stand above such well-known dissociating agents as 
methyl alcohol, ethyl alcohol, acetonitrile and acetone. Notwithstanding this 
fact, a search of the literature has failed to reveal sufficient experimental data 
to warrant any conclusion being drawn as to whether furfural solutions do 
or do not conform to the Nernst-Thomson generalization. 

A few measurements of the conductance of solutions of ferric chloride in 
furfural were made by Lincoln^ in the course of a comprehensive study of the 
conductance of non-aqueous solutions, while Walden® has measured the con- 
ductance of solutions of his so-called ‘^norrnar^ electrolyte, tetraethylammon- 
ium iodide, in furfural at 0° and 25®. Aside from these two series of measure- 
ments, there appears to have been little or no attention given to the dissociat- 
ing power of this solvent. 

With a view to contributing something toward this hiatus in the literature 
of non-aqueous solutions the pnisent investigation was undertaken. 

Preparation of Materials, The furfural used in this investigation was 
obtained from the manufacturer admixed with a relatively small quantity of 
water. Its purification was effected by a method essentially the same as that 
described by Mains^ A 500 cc. portion was first distilled with the addition of 
I gram of sodium carbonate to neutralize any piyromucic acid which might 
have been formed as a result of oxidation of the aldehyde. The portion boiling 
between 159® and 161® was collected and redistilled; the second distillate, 
consisting of the portion coming over between 160° and 162®, generally 
possessed some color. After adding granular calcium chloride, the distillate 
was stored in tightly stoppered flasks in a dark room until required for use. In 
the final distillation only that portion boiling between 16 1® and 162® was col- 
lected. The mean boiling point, corrected to 760 mm. was 161.7°. The re- 
fractive index of the purified solvent was determined and found to be Bp = 

^ Nernst: Z, phys. Chem., 13 , 531 (1894); Thomson: Phil. Mag., (5) 36 , 320 (1893). 

* Lincoln : J. Phys. Chem., 3 , 464 (1899). 

* Wladen: Z. phys. Chem., 54 , 150 (1905). 

* Mains: Chem. Met. Eng. 26 , 779 (1922). 
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1.527 1 7 at 20°, a value in close agreement with that found by Briihl.^ Because 
of the rapidity with which the substance polymerizes, a fn^sh portion was dis- 
tilled in the preparation of each solution, care being taken to protect the 
receiver from the light. Notwithstanding the precautions tak(m in its prep- 
aration, the specific conductance of the different portions of furfural was 
found to vary from 1.38X10'® to 4.77X10"® reciprocal ohms. The mean 
values of the specific conductance of the furfural used by Lincoln and Warden,^ 
respectively, were as follows: 25.6X 10 ® and 1.45 X io“® reciprocal ohms. 

The solutes studied in this investigation were the iodides of lithium, 
ammonium, sodium, potassium and rubidium. The salts were obtained in 
chemically pure condition and were carefully recrystallized and dried accord- 
ing to the usual prescribed methods. After purification, the salts were preser- 
ved in desiccators over sulphuric acid until required for use, when portions 
were removed and dried to constant weight before dissolving in the solvent and 
diluting to a definite volume. 

Apparatus, The conductance of the solutions was measured in the usual 
manner by means of the Kohlrausch method. A drum-wound slide-wire 
bridge with extension coils was used in measuring the conductance of the solu- 
tions, an air condenser being employed to balance the effect capacity in the 
circuit. The resistance boxes were used in series; one a three-dial box 
ranging in capacity from i to 990 ohms and having an accuracy of o.i per 
cent, and the other a two-dial box consisting of Curtis-wound coils ranging in 
capacity from 1000 to iroooo ohms and having an accuracy of 0.04 per cent. 
An audio-oscillator giving a freciuency of 1000 cycles was used as the source of 
current, together while a specially tuned set of telephone receivers served to 
determine the position of the tone minimum on the bridge. The conductance 
cells were of the Arrhenius type with tight-fitting stoppers and sealed-in 
electrodes. Owing to the ease with which furfural undergoes oxidation, the 
electrodes were not only not platinized but also were rendered as smooth as 
possible by polishing with fiiK' (*inery cloth. The cell constants were deter- 
mined by means of a 0.0 1 N potassium chloride solution the specific 
conductance of which was taken to be 0.001412 reciprocal ohms at 25°. This 
solution was prepared according to the directions laid down by Kraus and 
Parker®. The values of the cell constants were frequently checked throughout 
the entire investigation. 

All measurements were made at 25°, an electrically controlled thermostat 
serving to maintain this temperature constant to within 0.01°. 

All volumetric apparatus was carefully calibrated for use at prevailing 
room temperature. 

Method and Experimental Hesidts, The mother solutions were prc'pared 
by direct weighing, and never more than a single dilution was made from the 
same mother solution. This procedure was followed in order to minimize 

' BrOhl: Ami. 235 , i (1886). 

2 Loc. cit. 

® Kraus and Parker: J. Am. Chem. Soc., 44 , 2422 (1922'). 
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errors due to polymerization or oxidation of the solvent. In view of the possi- 
bility of the solvent undergoing gradual alteration, the conductance of one or 
more of the solutions was redetermined after an interval of several hours, but 
in no case was any appreciable change detected. In fact, judging by the grad- 
ual change in the color of the pure solvent, on the one hand, and that 
of the iodide solutions on the other, one is inclined to suspect that the presence 
of the dissolved substance exerts a stabilizing influence on the solvent. No 
diflSculty was experienced in checking any of the conductance measurements,, 
notwithstanding the comparatively unstable character of the solvent. 

The smoothed values of the conductances of the different solutions at even 
concentrations, as derived from the mean experimental data, are given in the 
subjoined tables. In these tables C denotes the concentration of the solute in 
mols per liter of solution, v the corresponding volume, A the equivalent con- 
ductance, Ao the limiting conductance, and a the conductance ratio, A/Ao‘ 
For comparison, Walden’s data for tetraethylammonium iodide^ are also 
tabulated.. 

Table I 


Conductance of Lithium Iodide in Furfural 


c 

V 

A 

«=A/A, 

0 . I 

10 

22.95 

0.651 

0.05 

20 

26.25 

0.745 

0.02 

50 

29.65 

0.841 

O.OI 

1 00 

31.40 

0.891 

0.005 

200 

32.68 

0.927 

0.002 

500 

3.3-67 

0.955 

0.001 

1000 

34.10 

0.968 

0 . 0005 

2000 

34-40 

0.976 

0.0 

OC 

(3 .'>-24) 

I .OC'> 


Table II 

Conductance of Sodium Iodide in Furfural 


c 

V 

A 

«-A/At 

0.06 

16.67 

31 - 1 S 

0.765 

0 

0 

20 

31.98 

0.786 

0.02 

50 

35-62 

0.876 

O.OI 

100 

37-72 

0.927 

0.005 

200 

39-15 

0.962 

0.002 

500 

39-93 

0.981 

0.001 

1000 

40.29 

0 . 990 

0 . 0005 

2000 

40.46 

0.904 

0,0 

OC 

(40.70) 

I .coo* 


‘ Walden: Z. phys. Chem. 54 , 150 (1905), 
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Table III 

Conductance of Potassium Iodide in Furfural 


c 

V 

A 

« = A/A 

0 . 1 

TO 

30-50 

0.708 

0.05 

20 

33 

0.784 

0.02 

50 

37.60 

0 872 

0 .01 

100 

39 90 

0.928 

0.005 

200 

41-43 

0.961 

0.002 

500 

42 . 20 

0.979 

0.001 

TOOO 

42.40 

0.984 

0 . 0005 

2000 

42 . 50 

0.986 

0.0 

oc 

(43.10) 

T .000 


Table IV 




Conductance of Rubidium Iodide in Furfural 


C 

V 

A 

«=A/At 

0.07 

14.29 

33 33 

0.740 

0.06 

16.67 

34 10 

0.758 

0.05 

20 

34.95 

0.776 

0.02 

50 

39.00 

0.867 

0 .01 

TOO 

41 . TO 

0.913 

0.005 

200 

42.40 

0.942 

0.002 

500 

43 . 50 

0.967 

0 .001 

1000 

44 00 

0 978 

0.0005 

2000 

44.30 

0.985 

0.0 

OC 

(45 00) 

1 .000 


Table V 




Conductance of Ammonium Iodide in Furfural 


c 

V 

A 

“=A/A, 

0 07 

14 2Q 

26.47 

0 573 

0.06 

16 67 

27-74 

0 . 602 

0.05 

20 

20 22 

0.632 

0.02 

50 

35 45 

0 . 769 

0 .01 

TOO 

3 « 70 

0.840 

0.005 

200 

40 85 

0.886 

0 .002 

500 

42.67 

0.923 

0.001 

1000 

43-65 

0.947 

0.0005 

2000 

44-30 

0 061 

0 0 

OC 

(46 . 10) 

I .coo 


Table VI 



Conductance of Tetraethylammonium Iodide in Furfural 

C 

V 

A 

a = A/A 

0.005 

200 

41 .40 

0.856 

0 . 003 

333-3 

43-25 

0.892 

0.002 

500 

44-23 

0.914 

0.001 

1000 

45-47 

0.940 

0.0005 

2000 

46.22 

0.955 

0.0 

oc 

(48.40) 

1 .000 
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The difficulty of securing satisfactory readings at concentrations below 
0.0005 N, together with the increase in the magnitude of the errors introduced 
in corrections for the specific conductance of the solvent, rendered inexpedient 
any attempts to secure accurate measurements at greater dilutions. The value 
of the limiting conductance was determined by means of the extrapolation 
formula recently proposed by Walden^ He has furnished a large number of 
examples of non-aqueous solutions for which the limiting conductance can be 
satisfactorily calculated by means of the formula — 

Ao ~ 

in which Ai and A2 arc the equivalent conductances at the dilutions vi and V2, 
respectively. The values of A© for the solutions of the iodides in furfural, cal- 
culated by the above formula, were found to be in almost perfect agreement 
with the values of Ao determined by the graphic method proposed by Noyes 
and Falk* in which the reciprocal of the equivalent conductance, A, is plotted 
against (CA)"*, m being assigned such a value as shall cause the experimental 
data to fall on a straight line. 

The data of the foregoing tables are also presented in graphic form in Fig. 
I in which the values of the equivalent conductance arc plotted against the 
cube roots of the corresponding concentrations. 



1. Lithium iodide. 

II. Ammonium iodide. 

III. Sodium iodide. 

IV. Potassium iodide. 

V. Rubidium iodide. 

VI. Tetraethylammonium iodide 

^ Walden: Z. anorg. Chem. 115 , 57 (1921). 

* Noyes and Falk: J, Am. Chem. Soc. 34 , 454 (1912). 
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Disciission of Results. It will be observed that the curves shown in Fig. 
I tend to arrange themselves in two distinct groups according to the rate at 
which the conductance changes with the concentration. The first group com- 
prises the iodides of lithium, sodium, potassium and rubidium, while the second 
includes the iodides of the ammonium radical. This difference in the slope of 
the conductance curves of the alkaline iodides, on the one hand, and of the 
ammonium iodides, on the other, is noteworthy. In aqueous and alcoholic 
solutions, the form of the conductance curves of ammonium salts, in general, 
hears a close resemblance to that of the salts of the alkali metals. If tetra- 
ethylammonium iodide, Walden typical binary electrolyte, behaves in furfural 
in a perfectly normal manner, then it follows that the iodides of the alkali 
metals are abnormal in their behavior in this solvent. On the other hand, the 
difference in the form of the two groups of conductance curves may be 
attributed to the tendency of aldehydes to foim con}plexes with the ammo- 
nium radical. 

It is also of interest to point out that none of the six salts under considera- 
tion conform to an interesting relation recently discovered by Walden^ in- 
volving the dielectric constant and the viscosity of the solvent. Walden has 
shown that for a large number of dilute solutions, the product of the viscosity, 
?7, and the dielectric constant, D, of the solvent, multiplied by the dilution, 
(v)o.45, corresponding value of Ao-“Ap = (K is equal to a constant, 

51.4; i.e., 

K == 7;D(v)^*‘‘Mv -51.4- (2) 

The values of K for dilute solutions of the salts included in this investigation 
are given in Table VII. 


Table VII 


Values of K = D(v)®*^*dv for Furfural Solutions 
= 0.0149, Dor,- = 38. 


Dilution 

Lil 

Nal 

KI 

Rbi 

NHJ 

(CJi,)4NI 

500 

14-57 

714 

8-35 

31 92 

31-84 

38 70 

1000 

14-45 

5.20 

8.87 

12 68 

06 

37-15 

2000 

14-SS 

4 , 16 

8.66 

12 . 13 

31 18 

37-76 


(14-52) 

(5 - 50) 

(8.63) 

(12 .<)t) 

(31-36) 

(37 87) 


Although the values of K for the individual salts are approximately constant 
they differ widely from each other and from the mean value 51,4, found by 
Walden for several binary electrolytes in sixteen different solvents. It would 
be of interest to know why furfural solutions fail to conform to this relationship. 

The fact that the values of the conductance of the iodides of lithium, 
sodium, potassium and rubidium in furfural stand in tlic inverse order of the 
molecular weights of the solutes may be regarded as an indication of ionic 
solvation. The degree of ionic solvation may be calculated, according to 
Walden^ from a knowledge of the limiting conductance, Ao, of the solute, its 

* Walden: Z. anorg, Chem. 115 , 73 (1921). 

® Walden: Z. Klektrwdic^in. 26 , 65 U920). 
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molecular weight, M, the viscosity of the solvent, n, and the molecular 
weight, Mo, of the latter. Walden showed that the value of the constant in 
the equation 

AoT/o = K', (3) 

is dependent upon the molecular weight of the solute; and that for solutions of 
different solutes in various solvents, the product of the limiting value of the 
conductance, the viscosity of the solvent and the square root of the molecular 
weight of the solute remains constant at 25°; i.e., 

Ao^o\/M = ii.is (4) 

When the ions of the solute are solvated, its molecular weight will obviously 
be increased. Under these conditions, if the solute is not polymerized, the 
value of the constant in equation (4) will be less than 11.15, and the weight of 
solvent associated with the ions will be given by the equation 

- i^) - “ 

Hence, the number of mols of solvent associated with the ions will be W/M©. 
Walden states that the iodide ion is not solvated in ethyl alcohol, methyl 
alcohol, acetone or nitrobenzene; therefore, it may be assumed that its tend- 
ency to undergo solvation in furfural is negligible. On this assumption the 
degree of solvation of the cations of the six salts included in this investigation 
has been calculated as shown in the following table. 

Table VIII 

Degree of Solvation of Cations in Furfural 

Solute Lil Nal KI Rbl NHJ (C2H6)4NI 

W/Mo 330 352 1.44 0.67 1.24 o 

On the assumption that the chloride ion is not hydrated, the calculated values 
of the degree of hydration of some of the above ions in water is as follows: — 
Ij, 4.7, Na 2 .0, and K 1.3.^ These figures, it will be seen, are of the same 
order of magnitude as those calculated for the same ions in furfural as a sol- 
vent. 

The variation of the conductance of the iodide solutions in furfural with 
concentration is found to be accurately expressed by the equation derived by 
Storch*, who showed that the functional relation between conductance and 
concentration can be expressed by means of the equation 

Ao“A=KA”C“** (6) 

The exponent n is varied as required by the experimental data. In the case of 
aqueous solutions, this equation has been found to apply over a comparatively 
wide range of concentrations. The Storch equation has the advantage that it 

‘ Washburn and Millard: J. Am. Chem. Soc., 37 , 694 (1915). 

* Storch: Z. phys. Chem., 19 , 13 (1^96). 
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expresses the concentrations of both the dissociated and undissociated portions 
of the solute as a function of each other. This becomes apparent when equa- 
tion (6) is written in the form 

C(Ao~A)-K(\C)”, (7) 

which is obviously equivalent to 

C ( I — a) == Constant X (Ca)“, (8) 

where a is the conductance ratio, A/Ao* On plotting the values of i/A 
against those of (CA)™, where rn ==11— i, and assigning successive numerical 
values to the exponent until the points fall as nearly as possible on a straight 
line, the three arbitrary constants, n, K and Ao can be evaluated. The sub- 
joined table gives the values of n thus obtained for the six different salts in 
furfural solution. 


Table IX 

Values of n in the Function C(Ao— A) = K(CA)“ at 25°. 

Solute Lil Nal KI Rbl NHJ (C2H6)4NI 
n 1.75 1.80 1.85 1.75 1.90 I 70 

The mean value of n for aqueous solutions of these same salts is approximately 
r.50. As has already been mentioned, the values of A© as determined by the 
graphic method described above are in remarkably close agreement with 
those obtained by means of Walden's extrapolation formula. 

In conclusion attention should be directed to the fact that the values of 
the conductance ratio, A/Ao, in Tables I-VI, are relatively high. If this ratio 
affords a true measure of the degree of electrolytic dissociation of these salts 
when dissolved in furfural, it follows that the latter is to be ranked among the 
best known dissociating agents, and offers additional confirmation of the 
validity of the Nernst -Thomson relation. 

Summary, (i) The conductance of solutions of six different binary 
electrolytes (Lil, Nal, KI, Rbl, NHJ and (C2H6)4NI) in furfural has been 
studied. The value of the limiting conductance, Ao, has been determined by 
extrapolation and the values of the conductance ratio, A/Ao» at concentrations 
ranging from o.i N to 0.0005 N have been calculated. These ratios are found 
to be relatively high, from which it follows that furfural is to be regarded as a 
solvent possessing high dissociating power, provided that the conductance 
ratio affords a true measure of the degree of electrolytic dissociation. 

(2) When the conductances are plotted against the cube roots of the 
concentrations, it is found that the values of the conductance of solutions of 
ammonium iodide and tctraethylaminonium iodide increase more rapidly with 
dilution than do the corresponding values of the conductance of solutions of 
the iodides of lithium, sodium, potassium and rubidium. This difference 
between the behavior of the ammonium salts on the one hand, and that of the 
alkali iodides on the other, may be due to the tendency of the ammonium rad- 
ical to react with the aldehydic solvent, or it may be ascribed to some abnor- 
mality in the dissociation of the alkali iodides in furfural. 
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(3) None of the furfural solutions studied in this investigation conform 
to the relation deduced by Walden involving the viscosity and the dielectric 
constant of the solvent, viz., 

K = »;oD(v)«-«dv=5i.4 

(4) The degree of solvation of the cations of the different salts has been' 
calculated and found to be approximately of the same order of magnitude as in 
aqueous solutions. 

(s) The Storch equation has betm shown to express the functional rela- 
tion between conductance and concentration of the solutions of the different 
salts with considerable accuracy, the value of the exponent, n, in the equation 

C(A-Ao) = K(CA") 

l)eing greater than in the case of the corresponding aqueous solutions. 

Hillside Laboratory 

Stamford^ Cmin. 

juneeo, ms. 



THE INFLUENCE OF CERTAIN CHEMICALS ON THE RATE OF 
REPRODUCTION OF YEAST IN WORT 

BY NORMAN A. CLARK 


In a paper^ ‘The Rate of Formation and Yield of Yeast in Wort'' I have 
shewn that if wort be seeded with “normal” actively-budding yeast cells and 
the culture be properly shaken and aerated, at 2 5°C the rate of reproduction 
follows the “logarithmic law”^ log C/Co = k.t from the moment of seeding 
until the crop reaches loo million cells per cubic centimeter when the alcohol 
formed during fermentation begins to have an effect ; diluting the wort with a 
solution of sugar and salts, or adding small amounts of alcohol have no effect 
on the (initial) rate of reproduction. The experiments described in the* 
present paper were carried out in the winter of 1920-21 together with those 
just referred to; all measurements were made at 2 5°('; yeast, wort and appar- 
atus were the same as in my experiments with alcohol, and the technique was 
that described in my previous paper except that the counting was done 
under the microscope without the use of photography. 

Phenol 

In Table I (and in the other tables) th(‘ numbers under t give the time in 
hours between seeding and counting; those under Jog C give the common 
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‘ J. Phys. Chem. 26, 42 (1922) ‘ . , - t 

*k *0.160; C* count at the time t; Co “count at t*o; f = interval in hours 
between seeding and counting. The ‘‘count” multiplied by 250000 gives the number of 
yeast cells in one cubic centimeter of the culture medium. 
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logarithm of the “count^^* the number of cells per cc of culture medium is 
250000 C. The number of grams of phenol contained in loocc of the culture 
medium is given at the head of the columns as phenor\ In Fig. i, log C' 
is plotted against t] the straight line gives the values of log C that would be 
obtained in absence of phenol (k = o . 160). 

Inspection shews that in solutions containing o . 06% phenol the rate of 
reproduction is just distinguishably less than in pure wojt; with 0.10% the 
retardation is unmistakable, and increases with further increase in the concen- 
tration of the phenol. In wort containing 0.22% phenol reproduction ceases 
entirely, no increase in the number of cells could be observed after seven days 
at 2 5®C; this might be taken as evidence that all the cells were promptly 
killed by the poison, but after 48 hours only 4% of them were stained by 
methylene blue^ To settle the matter, cultures were made after 48 hours and 
after 72 hours in the 0.22% phenol; the cells were removed by filtration, 
washed with sterile water, placed in a shaker tube with fresh wort at 2 5®C, and 
counts made as usual (see Table II). After a resting period of about three 
hours, reproduction set in at the normal rate (k = o.i6); phenol of this 
concentration (0.22%) evidently prevents reproduction without destroying 
life; no evidence of spore formation was observed; data in Fig. 2. 


Tablk II (Phenol) 
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* Fraser: J. Phys. Chem. 25 , 20 (1921) 
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Fkj 2 Fkj. 


Values of log (' for / = 6 and various concentrations of phenol from 
0.06% to 0.20% phenol (obtained by interpolation from Table I) are shewn 
in Fig. 3; the points fall on a straight line, and (for t = 6) log C C'o = 6(o.2o 
— for lower concentrations of phenol the count is much less than corre- 
sponds to this equation, due no doubt to the influence of the alcohol formed 
during the fermentation; the same explanation may be put forw^ard to 
account for the form of the log C curves for t = 10 and t = 24 of the same figure. 

Methyl Green 

The effect of methyl-green on yeast has be(‘n studied by Fraser^; it has 
since been found to act very much like ammonium Huoridi'^ Yeast can bec^ome 
“acclimatized” to it i.e, b}" gradually increasing the concentration of the 
rnethyl-grceii yeast can be bred to reproduc(‘ in solutions in which “normar’ 
yeast will not increase. Like ammonium fluoride, too, methyl-gn^en causes 
the yeast cells to grow in clust(Ts: the cell buds in the usual way, but the 
daughter-cell develops slowly, and before it has attained full size the mother- 
cell buds again in a different place; seven or eight daughter-cells each rather 
more than half the normal size have been set'ii attached to the same mother- 
cell; frequently the daughter-cells bud without separating from the parent. 
When these bunches are large, accurate counting is an impossibilit}^. 

As shewn in Table III and Fig. 4 the initial rate of reproduction is not 
greatly affected until the methyl-green reaches a concentration of 0.01%; 
with five times that concentration no reproduction was observed in 10 hours, 
but after six days the count was four times as great as at the moment of seeding. 
At t ~ 6, log C/Co = 33(0 03 — ^ ) for values of ^ from o . o to o 027. 


* J. Phyp. Chem. 25, 20 (1921) 

^ Fulmer: J. Phys. Chem. 25 , 10 (1921; 
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Table III (Methyl Green) 
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Acetone 

One gram of acetone in loocc of its solution in wort (i.o % acetone) 
barely slowed the rate of reproduction; (see Table IV and Fig. 5); after 24 
hours in $ . 5% acetone reproduction had hardly commenced and methylene- 
blue stained 34% of the cells, after 48 hours there were about four times as 
many cells present as originally added. In these strong solutions the cells 
were a good deal bunched, but in dilute acetone solutions the bunching is 
noticeably less than in pure wort^ Taking advantage of this peculiarity, 
the measurements were repeated (Table V) with a low seeding, about one- 
seventieth of that employed in the experiments of Table IV; the results con- 
firm those already obtained. 

^ A small addition of phenol to wort also reduces the bunching. 
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Table IV (Acetone) 
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Table V (Acetone) 
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The relation between the crop at 6 , 10, or 24 hours and the percentage of 
acetone in the wort is represented fairly well by the equation log C/Co~ 
0.039 t (s .0— %), which holds both for light and for heavy seeding for con- 
centrations down to 1.0% (below which the rate is not affected) or until 
log C « 2 . 6 (interference by alcohol) whichever occurs first. 
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Table VI (Acetone) 

t 0.0 10.8 15.8 24.3 

Log C 1.48 2.01 2.31 2.62 

In an experiment in which a 5% solution of acetone in wort was rocked at 
25® C for 24 hours before seeding with yeast, reproduction began at once 
without the delay observed when the acetone was added immediately before 
seeding, and proceeded regularly (k = o.o5) for 24 hours (see Table VI); 
this observation seems to indicate some slow reaction between the acetone 
and wort or one of its constituents. Another experiment affords direct evi- 
dence of adaptation of the yeast to acetone: — Ten hours after seeding a 5% 
solution of acetone in wort, when reproduction was just beginning, the yeast 
cells were filtered off and placed in a freshly prepared 5% solution (Table 
VII A), while the filtrate was seeded with normal yeast (Table VII B); the 
treated yeast (A) began reproduction at once (k = o.o3), while the normal 
yeast delayed for three hours, and then multiplied with k == o . 08 

Table VII (Acetone) 
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Sodium Bicarbonate 

Addition of sodium bicarbonate to wort produces a heavy precipitate; 
this was removed by a centrifuge and the clear liquid inoculated etc as usual. 
Besides the results recorded in Table VIII and Fig. 6, measurements were 
made with solutions prepared from 0,0, o.oii, 0.022, 0.033, 0 045^ 0.056, 
0.067 0.078 formula weights NaHCOs per litre of wort; in all these solu- 

tions reproduction followed the logarithmic law with k — o. 16, so there is no 
need to record the figures. The results of Table VIII shew that up to o. 1 16 
NaHCOs per litre reproduction is the same as in pure wort (k = o.i6). but 
that at o . 175 there was a pause, or period of very slow reproduction followed 
by reproduction with k = o.i2; further increase in the amount of bicar- 
bonate increased the duration of the pause and decreased the subsequent 
rate of reproduction, until with o . 58 NaHCOs per litre no reproduction took 
place even after 108 hours. After 60 hours in this concentrated solution, 98 
to 99% of the cells were stained by methylene-blue, but even after 84 hours 
some were still alive, for at that time o . 5 cc of the suspension was mixed with 
pure wort, and in two days active fermentation had set in, and the culture 
contained a large number of cells. 
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Table VIII (Sodium Bicarbonate) 


0.080FW 

0.116FW 

0. 

175FW 

0.203FW 

t 

Log C 

t LogC 

t 

Log C 

t 

Log C 

0.0 

I-I 5 

0.0 1. 15 

0.0 

IIS 

0.0 

1 .06 

0.7s 

1.23 

i.o 1.27 

1 .0 

1. 18 

1 .0 

I 03 


1.26 

2.2 1.42 

1-75 

1. 19 

3-2 

1. 17 

2,0 

1.42 

5.0 1.90 

2-5 

1 .26 

4-3 

1.23 

4.7 

1.99 

7.7 2.32 

4-3 

1.48 

5-7 

132 

75 

2.38 


S -5 

1-55 

7 0 

1.56 




6.8 

I- 7 S 

9.2 

1.65 




7.8 

1.88 

II . I 

1.94 


10.2 2.21 

II. 7 2.36 

0.232FW 0.29 iFW 0.580FW 


0.0 

115 

0.0 

I 15 

0.0 

1 .06 

1-3 

1. 19 

1*5 

1. 18 

1-4 

I 05 

2.9 

1 .22 

3-2 

1 . 20 

4.5 

1 .08 

4-7 

1.42 

4.8 

1 .22 

6.1 

1.06 

5-9 

1.49 

6.2 

1-34 

7-7 

I 03 

7.2 

1 . 72 

7-4 

1.45 

10 . 7 

1 .08 

8.2 

1 .76 

8-5 

1 .46 

13.5 

1 .08 

10.6 

1.97 

10.7 

1.66 

23 5 

loS 

12 , 1 

2 . 14 



29.5 

1 .04 


36.3 1.02 

47.0 1.05 

55-0 1.05 

108.0 ±1.05 



Fig 6 

Mr. P. J. Moloney was kind enough to help me determine the Ph values 
given in Table IX using his new form of hydrogen electrode^; taken in 


' J. Phys. Chem. 25 758 (1921). 




228 


NORMAN A. CLARK 


conjunction with the results of Table VIII, they shew that reproduction 
occurs at the normal rate only when the solution is on the acid side of the 
neutral point. 

Table IX (Sodium Bicarbonate) 

NaHCOa per L. o.oo 0.116 0*175 0.291 

Ph 4. II 6.80 7.08 7.31 

In a few experiments sodium bicarbonate was added to wort-agar (2% 
agar), and after seeding with yeast plates were poured; the effect of the 
alkali was much more pronounced than in the liquid medium. With 0.328, 
0.208 or even 0.116 NaHCOs per litre of wort, only one or two colonies 
appeared on each plate, while the check plates with no alkali shewed fifty. 

Hydrochloric Acid 

Table X and Fig. 7 give the rate measurements, and Table XI the Ph 
measurements. Up to 0.055 formula-weights HCl per litre (Ph=*3 o6) the 
rate of reproduction is normal (k=o.i6), but with 0.06 HCl (Ph=*2.98) 
there is perceptible retardation; with 0.105 HCl the count increases only 
25% in 12 hours, and with 0.115 HCl the increase in 36 hours was hardly 
perceptible. The ‘initial lag^’ (period of rest or very slow reproduction) was 
less marked than with bicarbonate; with 0.08 HCl per litre, where k lies 
between o. 12 and 0.13, five determinations made at intervals during the first 
90 minutes shewed no sign of variation in the rate of reproduction; with 
0.09 HCl there was some indication of an initial pause, and this was quite 
pronounced with o . 10 HCl. 





Table X (Hydrochloric Acid) 
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Table XI (Hydrochloric Acid) 

HCl per L o.oo o.oii 0.055 o.ogo o.iio 

Ph 403 3.84 3.06 2.47 2.20 

On two per cent agar- wort plates addition of 0.08 HCl per litre caused 
no decrease in the number of colonies, but their growth was somewhat slow; 
with o.io HCl duplicates were difficult to obtain, and with 0.115 HCl no 
colonies appeared. After five hours in wort with o . 10 HCl, six per cent of the 
cells stained with rnethylenc-blue. 

Acetic Acid 

The results recorded in Table XII and Fig. 8 sliew that ecjuivalent 
quantities of acetic and hydrochloric acids have much the same effect on the 
reproduction of yeast; they have very different effects on the acidity of the 
solution (Table XIII, Ph). Reproduction is retarded between o 06 and 
0.07 C2H4O2 per litre as compared with o 06 HCl; initial lag is noticeable in 
solutions containing 0.09 formula- weights per litre of either acid; in solutions 
containing 0.13 C^H402 per litre there is no appreciable reproduction in the 
first ten hours, the same was true with o T05 HCl. On wort-agar plates, 0.06 
C2H4O2 per litre gave the same number of colonies as the check plates and they 
developed as quickly; with 0.09 (\H4O2 the colonies appeared later, and in 
most cases were slightly less numerous than the checks. 

Table XII (Acetic Acid) 
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Table XIII (Acetic Acid) 

C2H402 perL o.oo 0.04 0.08 o.io 0.13 

Ph 4 03 3.90 3.80 3.76 3.67 

In view of these results, the effects produced by the two acids can not be 
ascribed to the hydrogen«ion concentration, which was about 100 times as 
great in one solution as in the other; on the other hand, it seemed possible that 
the acids might be neutralizing and thus rendering inactive the bios in the 
wort. If this were the case, the same concentration of acid in the culture 
fluid should prove more harmful if some of the wort were replaced by an equal 
volume of a solution of sugar and salts. Table XIV gives the results obtained 


Table XIV (Acetic Acid) 
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by adding acetic acid to a solution made up of equal volumes of wort and the 
“artificial medium^^ used in my experiments on the yield of yeast in diluted 
wort^ As shewn in Fig. 9, the phenomena are the same as those in pure wort; 
at o . 06 C2H4O2 per litre the points are just dropping from the line k = 0.16. 
The Ph values are slightly less than with pure wort; for 0.08 C2H4O2 per 
litre Ph = 3 .69 as against 3 .80 (Table XIII). Evidently it is not by des- 
troying the bios that the acids reduce the rate of reproduction. 



Fio, 9 


^J. Phya. Chem. 26 , 49 (1922) 
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Summary 

The effect on the rate of reproduction of yeast in wort, produced by add- 
ing various amounts of phenol, methyl-green, acetone, sodium bicarbonate, 
hydrochloric acid or acetic acid has been determined at 25° C. 

In general there is a concentration for each poison below which the 
addition has no influence on the rate; higher concentrations cause an initial 
pause, followed by slow reproduction. 

Absence of reproduction in the poisoned solution does not necessarily 
imply death of all the cells. 

My thanks are due to Prof. W. Lash Miller under whose direction these 
measurements were carried out, and to Messrs. G. H. W. Lucas and F. Eldon 
for help in making the counts. 

The Univeriity of Toronto 

May, ms. 
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BY HARBY B. WEIBER 

Adsoiption from Mixtures of Electrolytes; Ionic Antagonism 

In a paper published in the Autumn of 1921 was reported the results of a 
series of experiments dealing with adsorption during the precipitation of 
colloids by mixtures of electrolytes*. The experiments indicated that two 
factors influenced the precipitating .action of mixtures of electrolytes: the 
effect of the presence of each precipitating ion on the adsorption of the other; 
and the stabilizing action of the ions having the same charge as the colloid. If 
the influence of both of these factors was small the precipitation value of mix- 
tures was approximately additive while if the influence of both factors was 
large the precipitation value was greater than would be expected from the 
critical values for the separate salts. A year after the publication of my ob- 
servations, Freundlich and Scholz’ reported on the results of similar experi- 
ments in a paper entitled “Coagulation by Mixtures of Electrolytes”. A study 
was made of the precipitation with various mixtures of electrolytes, of colloidal 
gold prepared by Donau’s method,^ of colloidal AS2S3 and of colloidal sulphur 
prepared by both von Weimam’s method* and Oden’s method*. 

The results seemed to show that with gold sol and von Weimam’s sulphur 
sol the action of the precipitating cations showed an additive relationship, 
while the precipitating action was not additive with AsjSs sol and Oden’s sul- 
phur sol particularly with mixtures of ions having widely varying precipitating 
power that are said to be highlj’^ hydrated. Since von Weimara’s sulphur sol 
is not hydrous while Oden’s sol is hydrous, Freundlich and Scholz conclude 
that the hydration of the colloid and of the precipitating ions is of primary im- 
portance in producing iohic antagonism and so in determining whether the 
precipitation values of mixtures shall be additive or above the additive value. 
They are thus led to believe that As2S3 is a hydrophile sol although it is not 
usually so considered; and finally, they suggest that the behavior of colloids 
with mixtures is a suitable means of determining to what extent the stability 
is influenced by hydration. “We believe with Neuscholsz,” say Freundlich 
and Scholz, “that the ionic antagonism observed in a test tube is closely related 
to the phenomenon which has been recognized as such in the biological action 
of electrolytes and has been followed by J. Loeb, S. Lillie and others. As an 
example of this kind of biological action of electroljies may be mentioned a 
scries of investigations by S, I.illie‘. The cilia of the larva of a ringworm, 

* Weiser: J. Phys. Chem., 25 , 665 (1921) 

* Kolloidchem. Beih^te, 16, 267 (1922) 

* Donau: Monatah., 26, 525 (1905) 

* Von Weiinara and Malyachev; KoIloid>Z., 8, 214 (191 1) 

' Oden: “Der koUoide Schwefel”, (1912) 

* Lillie: Am. J. Physiol., 10, 433 (1904) 
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Arenicola, is liquefied by a solution containing sodium ion: the addition of a 
small amount of a divalent cation stops this process. At the first glance, our 
observations seem to be different in C('rtain respects from this kind of biological 
action of electrolytes and from the ionic antagonism observed by Neuscholsz* 
using lecithin sol. In both of the latter cases it was frequently observed that 
the action of univalent cations could be nullified by the addition of divalent 
cations while with sulphur sol the action of divalent cations was decreased 
under the influence of univalent cations. This is probably only a superficial 
difference. The coagulation of the sulphur sol is realized only at such concen- 
trations of univalent cations that small concentrations of divalent cations can 
not annul their influence by displacing their adsorption. If we had studied 
phenomena like the biological action of electrolytes which could be observed at 
smaller concentrations of univalent cations, we could have nullified their effect 
by divalent cations. According to the view arrived at in this paper we believe 
that in these biological processes as well as in the coagulation of hydrophile 
sulphur sol, pure electrical influences of pronounced ionic antagonism can not 
be produced; for ionic antagonism a hydration influence is always necessarj^, 
such as appears with increasing strength when we go from gold sol or Weimarn 
sulphur sol to AS2S3 sol and finally to hydrophile sulphur sol”. 

From this account it is evident that Freundlich and Scholz arc convinced 
that the extent of hydration of a colloid is the most important factor in causing 
the ionic antagonism which results in precipitation values for certain mixtures 
of electrolytes that are considerably above the additive values. It is a great 
pity that this conclusion was jumped at from a study of but one sol that 
appears to belong definitely to the class of hydrophile or hydrous colloids. The 
conclusions of Freundlich and Scholz would have been more convincing if they 
had extended their observations to the sols of the hydrous oxides which are 
quite as representative of the class of hydrophile colloids as is colloidal sulphur. 
Moreover the preliminary cxi>eriments reported in my paper, previously re- 
ferred to, seemed to indicate that the general conclusions of Freundlich and 
Scholz were open to question. Accordingly a series of experiments bearing on 
these points was carried out, with the results recorded in the following section. 

EXPERIMENTAL 

Experiments with Hydrous Chromic Oxide 

Since chromic oxide is very highly hydrous, the colloidal solution of this 
substance was used in the initial experiments. The positively charged colloid 
was prepared according to the method of Neidle^ by dialysis in the hot of the 
hydrous oxide peptized by chromic chloride. The dialysis was continued for 
several days until the dialysate contained but a trace of chloride and the pH of 
the solution was slightly less than that of pure water. The concentration was 
adjusted to exactly 2 g Cr208 per liter. The colloid was stored in a pyrex flask 
and pyrex vessels were used in all experiments. 

^ Pfliiger’s Arch., 181, 17 (1920) 

* J. Am. Chem. Soc., 39 , 71 (1907) 
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Precipitation experiments. The precipitation value of the colloid was 
determined in the following manner: In one test tube was placed lo cc of sol 
and in a second test tube, a suitable amount of electrolyte diluted to lo cc. 
The sol was then added rapidly to the electrolyte and the mijtture was poured 
back and forth a number of times. The tube containing the mixture was stop- 
pered and was set aside for exactly 24 hours, after which it was shaken vigor- 
ously and centrifuged for 2 minutes at 3000 r.p.m. The presence of complete 
precipitation was evidenced by the entire absence of color in the supernatant 
liquid. After getting the approximate precipitation value the exact value was 
determined by carrying out a series of experiments with electrolyte concentra- 
tions that varied not more than 0.0 1 to 0.02 cc. The sharpness of the value 
obtained was increased by the long period of standing before examining for 
complete precipitation. 

The precipitation value of mixtures was obtained in the same manner as 
for single electrolytes, the total volume of the mixture being made up to 10 cc 
before adding to the colloid. The results of experiments using different pairs 
of electrol3rtes of widely varying and of similar precipitating power are given 
in Tables I, II and III. Instead of expressing the precipitation value in the 
usual way, I have given simply the number of cubic centimeters of the standard 
solutions necessary for precipitation in a total volume of 20 cc. In other re- 
spects the tables are self-explanatory. 


Table I 

Precipitation of Colloidal Cr20a with Mixtures of KCl and K2SO4 


N/2KC1 

1 N / 1 00 K2SO4 to complete coagulation 

taken 

taken 

calculated 

1 difference 

cc 

cc 

cc 

cc 

1 percent 

2 .27 






I- 3 S 




o-S 

0.85 

I. os 

0 

M 

d 

1 

-19 

1 .0 

0.6s 

0.75 

— O.IO 

-13 

I-S 

0.37 

0.45 

— 0.08 

-18 

2.0 

0.13 

0,16 

— 0.03 

-18 


Table II 

Precipitation of Colloidal Cr208 with Mixtures of KCl and K2C2O4 


N/2 KCl 

( N/ioo K2C2O4 to complete coagulation 

taken 

taken 

calculated 

1 difference 

cc 

cc 

cc 

cc 1 

1 percent 

2.27 





0-5 

1.50 

0.92 

1 .10 

— 0.18 

— 16 

1 .0 

0.6s 

0.79 

— 0.14 

-18 

i-S 

0.40 

0,47 

— 0.07 

-IS 

2.0 

0.14 

0.17 

— 0.03 

— 18 
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Table III 

Precipitation of Colloidal CraOa with Mixtures of K2SO4 and K2(^20, 


N/IOOK2S04 

1 N/ioo K2C'204 to complete coaRulution 

taken 

taken 

cal(‘ulatcd 

1 dififcroncp 

cc 

cc 

cc 

1 cc 

1 percent 

r.35 





0.50 

1 .40 

0.86 

00 

00 

0 

— o .02 

— 2 

0.675 

0 . 70 

0.70 

0 .0 

0 

1 ,00 

0-35 

0.36 

— 0 .01 

-3 


The above results with the highly hydrous chromic oxide are clearly not 
in accord with the conclusions of Freundlich and Scholz. It will be noted that 
mixtures of electrolytes having widely different precipitating power such as 
KCU and K2SO4 do not give values considerably above the additive valiK* such 
as Freundlich and Scholz would predict. On the contrary th(‘ values for such 
mixtures are actually lefis than additive by a quite appreciable amount. Such 
a result is altogether in accord with what one might ex})ect if the antagonistic 
action of the precipitating ions was slight at concentrations below the precipi- 
tation value of each. From the slope of th(‘ usual adsorption isotherm it is 
clear that adsorption is relatively gre«ater at lower concentrations. The ad- 
sorption of C'l' ion is relativc'ly greater at concentiations below its precipita- 
tion value so that relativc'ly less sulphate or oxalate is n(H*essary to bring the 
combined adsorption above the critical value iHU't'ssary for neutralization and 
coagulation. As before stated such a result would follow only in case there is 
little or no antagonistic action between chloride ion and sulphate or oxalate 
ion in the sense that the presence of each decreases the adsorption of the other 
at concentrations below the precipitation value. That such is the case is 
evident from the results given in the subsequent paragraph. 

Adsorption experiments. Adsorption of oxalate ion during the coagulation 
of colloidal hj^drous chromic oxide by mixtures of KCl and K2C2O4 was deter- 
mined both below and above the precipitation value. The procedure was as 
follows: To 30 cc portions of colloid in a 60 cc bottle were added various mix- 
tures of KCl and K2C2O4 made up to 30 cc. After allowing the mixture to 
stand until the precipitate started to settle out^ it was centrifuged for 10 
minutes thereby matting the precipitate in the bottom of the bottle. The 
supernatant liquid was poured off and a 50 cc portion was acidified with 
H2SO4, heated to 70® and titrated with N/50 KMn04 in the usual way using a 
2 cc pipette graduated in tenths of a cc. The results of a series of experiments 
are given in Table IV. 

The first three experiments in Table IV show that a relatively large 
amount of chloride has no appreciable effect on the adsorption of oxalate below 
the precipitation value of the latter. A very large excess of chloride decreases 
measurably the adsorption of oxalate above the precipitation value but it will 
be noted the adsorption of oxalate is decreased less than 4 percent by the 
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Table IV 

Adsorption by Hydrous Chromic Oxide of Oxalate in the Presence of Chloride 


Mixtures added to 30 cc colloid 
containing 0.06 gms. CraOa 

Oxalate adsorbed • 

N /2 KCl 

1 N/iooK*Cj04 

1 H .0 

1 cc N/ioo 

iGms per mole Cr*Os 

4.50 

I 

•35 

24-iS 

1 

35 

I 

•SOS 

3.00 

I 

•95 

25-05 

I 

95 

2 

.174 

150 

2 

■85 

2S-6s 

2 

8s 

3 

.177 

0.00 

4 

20 

as- 80 

4 

20 

4 

.68a 

0.00 

8 

■so 

21.50 

7 

34 

8. 

. 182 

21.50 

8 

•SO 

0.00 

1 

6 

66 

7 

. 42 t 

0.00 

12 

.00 

I 

18.00 

9 

42 

10 

.500 

t8.oo 

12 

.00 

0.00 

8 

83 

9 

.842 

0.00 

15 

.00 

15.00 

II 

10 

12 

•373 

15.00 

15 

.00 

0.00 

10 

68 

II 

•90s 

0.00 

20. 

00 

10.00 

12 

46 

^3 

.889 

10.00 

20. 

00 

0.00 

12 

35 

13 

667 


presence of 50 times its concentration of chloride (Exp. 7) and less than i per 
cent by 25 times its concentration of chloride (Exp. 8). In the light of these 
observations it is evident that the relatively high precipitation value of KCl is 
due to weak adsorption of chloride ion associated with but slight adsorption 
of the stabilizing potassium ion. 

Experiments with Colloidal Stannic Oxide 

While the results with colloidal chromic oxide furnish fairly conclusive 
evidence that a concentration far above the additive value is not necessarily 
required to precipitate a highly hydrous colloid with mixtures of electrolytes 
having widely varying precipitating power, still it seemed desirable to make 
additional observations on a negative colloid using electrolytes with cations 
that are supposedly highly hydrated, as Freundlich did. For this purpose the 
highly hydrous colloidal stannic oxide prepared by Zsigmondy's method^ was 
employed and precipitations were made with mixtures of the chlorides of 
lithium and barium and of lithium and magnesium. The method of pro- 
cedure was identical with that described above for colloidal chromic oxide. 
After allowing to stand 24 hours and centrifuging, the supernatant liquid was 
tested for complete precipitation by adding an excess of BaCla. The absence of 
a trace of gelatinous precipitate on standing indicated complete coagulation. 
The results are given in Tables V and VI. The colloid contained 7.6 g Sn02 
per liter. 


‘ Zsigmondy: Ann., 301 , 361 (1898) 
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Table V 

Precipitation of Colloidal Sn02 with Mixtures of LiCl and BaCh 


N/ioLiCl 

tAkcn 

N/ioo Ba(yl2 to complete coagulation 

taken 

calculated 

1 difference 

cc 

cc 

cc 

1 CO 1 

percent 

5 10 

3.10 




1 .00 

2.25 

2.50 

-25 

— 10 

2.50 

I-3S 

1.58 

-23 

-I'; 

4.00 

o.SS 

0.67 

-- 12 

~l 8 


Table VI 

Precipitation of Colloidal Sn02 with Mixtures of LiCl and MgCL 


N/ 10 LiCl 

N / 100 MgC^h to complete coagulation 

taken 

taken 

calculated 

difference 

cc 

cc 

cc 

cc 1 

I percent 

5 10 






3 - 3 S 




2.00 i 

I .98 

2.04 

— 0.06 

-3 

3 so 

I .00 

1 .06 

— 0.06 

~6 


The observations with hydrous stannic oxide merely confirm the results 
with chromic oxide. Here again the precipitation values of mixtures of univa- 
lent and bivalent precipitating ions of varying degrees of hydration are appre- 
ciably less than the additive values. The results are so nearly in line with 
those obtained with hydrous chromic oxide that there is doubtless little if any 
antagonistic action between the precipitating cations below the precipitation 
value of each. 


Experiments with Colloidal Arsenious Sulphide 

From our earlier observations with arsenious sulphide sol it was known 
that there is an appreciable antagonistic action bewteen electrolytes containing 
univalent and bivalent precipitating cations in the sense that relatively more 
of each must be used to cause precipitation in case the other is also present in 
the solution. Since arsenious sulphide sol is usually classed as a hydrophobe 
colloid and since the pairs of ions employed (K with Ba or Sr) are said to be 
but slightly hydrated, it is difficult to reconcile our observations with the view 
that ionic antagonism is a result chiefly of high hydration of the colloid and the 
precipitating ions. This view seems all the more improbable since the results 
with highly hydrated colloids using hydrated precipitating ions, show a tend- 
ency opposite to those with arsenious sulphide. To explain our earlier results 
with AsjSs we assumed that the adsorption of Ba* * ion, say, was decreased 
appreciably by the presence of K* ion below the precipitation value so that a 
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higher concentration of the former was required to cause the adsorption neces- 
sary for neutralization when the latter was present. Freundlich would reject 
this explanation on the ground that KCl precipitates only in high concentra- 
tions indicating such a low adsorption of K* ion that the presence of the latter 
in concentrations below the precipitation value can have no appreciable influ- 
ence on the adsorption of Ba ’ ‘ ion. The weak point in this argument is that 
a high precipitation value for an electrolyte does not necessarily indicate very 
low adsorption of the precipitating ion^ This is true only in case the adsorp- 
tion of the stabilizing ion is relatively slight. In the case under consideration 
the adsorption of K’ ion may be fairly large, but in spite of this, a high concen- 
tration of KCl may be necessary since the adsorption of Cl' ion at certain 
concentrations below the precipitation concentration may be comparable to 
that of K’ ion. It is thus a question of fact, whether the adsorption of K’ ion 
by colloidal AS2S8 below the precipitation value is or is not sufficiently great 
to influence appreciably the adsorption of Ba ‘ * ion. This problem is dealt 
with in the subsequent experiments. 

Precipitation experiments. Colloidal AS2S3 was prepared by dropping 
slowly a solution of AS2O3 saturated at 30® into H2S water through which was 
bubbled continuously a stream of H2S, purified by passing through three wash- 
bottles containing water. The excess H2S was washed out by bubbling a 
stream of hydrogen through the solution after which the latter was filtered into 
a dark glass bottle. Approximately four liters of colloid containing 22.3 g per 
liter were prepared. It was necessary to have a colloid that was fairly strong 
in order to get sufficient adsorbent in a reasonable volume. The colloid was 
kept in an atmosphere of hydrogen in a dark bottle. To do this the space 
above the liquid in the bottle was filled with hydrogen and after inserting the 
stopper the bottle was inverted thus preventing the escape of the gas. 

Precipitation values were carried out in much the same manner as for the 
hydrous colloids except that the time of standing after mixing with electrolyte 
was decreased to 2.5 hours. The mixture was shaken after the first and second 
hour and again at the conclusion of the 2.5 hour interval. Since the precipita- 
tion value of mixtures was the same whether the electrolytes were added 
separately or together, the latter process was followed as in the previous 
cases^. To test whether precipitation was complete, the supernatant liquid 
was filtered into a test tube and examined for the presence or absence of the 
greenish opalescence that characterizes the very dilute colloid. Since KCl 
with BaCb or SrCh was used in our earlier experiments it seemed desirable to 
use different pairs of electrolytes in this work.' The results in Tables VII, 
VIII, IX and X were obtained with mixtures of LiCl and BaCh, LiCl and 
MgCU, BaCl2 and MgCh, HCl and MgCh. 

^ Weiser: J. Phys. Chem., 25 , 6S0 (1921) 

* Cf. Freundlich and Schalas: Kolloidchem. Beihcfte., 16 , 281 (1922) 
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Table VII 

Precipitation of Colloidal AS2S3 with Mixtures of LiCl and BaCh 


N/2 LiCl 


N/ioo BaC'l-i to complete coagulation 


taken 

taken 

calculated 

difference 

cc 

C(? 

cc 

cc 1 

percent 

4.05 

0.5 

4.03 

4 50 

3 54 

0 . 96 

27 

1 .0 

4 25 

3 03 

1 .22 

38 

2 .0 

3 76 

2.03 

1-73 

84 

30 

2.25 

I 03 

1 .22 

118 


Table VIII 

Precipitation of Colloidal A82S3 with Mixtures of LiCl and MgCL 


N/2 LiCI 

N/km) MgC''l2 tr) complete coagulation 

taken 

taken 

calculated 

difference 

cc 

ec 

cc 

cc 1 

1 percent 

4.0s 

1 

4.35 

00 



0*5 

5-^5 

1-34 

35 

1 .0 

5.20 

3-27 

I *93 

59 

2 .0 

4 25 

2 . 20 

2.05 

93 

3 0 

2.25 

1. 13 

1.42 

126 


Table IX 

Precipitation of Colloidal AS2S3 with Mixtures of BaCU and MgCL 


N/iooBaCli 

N / 1 00 Mg( /I2 to complete coagulation 

taken 

taken 

calculated 

1 difference 

cc 

ec 

ec 

1 ee 

1 percent 

4.03 

* 





4 . 35 




2.00 

2 . 20 

2.19 

0 01 

0-5 

0 

0 

115 

I . II 

0 

0 

4.0 


Table X 


Precipitation of Colloidal AS2S3 with Mixtures of HC "1 and MgCL 


N/5 HCl 


N/ioo MgCla to complete coagulation 


taken 

taken 

calculated 

difference 

cc 

cc 

ee 

cc 

percent 

4*75 

k 

1 .0 

4-35 

4-65 

3 *83 

0.82 

22 

2 .0 

4-45 

2 .92 

1-53 

52 

30 

3-35 

2.00 

1-35 

68 

4.0 

2 .00 

I .08 

0.92 

8s 
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As observed in the case of hydrous chromic and stannic oxides the precipi- 
tation value of mixtures is almost additive in case the precipitating power of 
each is similar (Table IX). On the other hand, with the mixtures containing 
both a univalent and bivalent precipitating ion there is a wide variation from 
the additive value as indicated in Tables VII, VIII and X. 

Adsorption Experiments, Since the quantitative estimation of barium 
can be made with a high degree of accuracy, a study was made of the effect of 
lithium on the adsorption of barium at the precipitation concentration of 
various mixtures of the chlorides of the metals. The procedure was as follows: 
125 cc of colloid containing 2.84 g AS2S8 was precipitated in a wide mouth 
bottle with the precipitation concentration of electrolyte or electrolytes as 
given in Table VII. The total volume was 250 cc. After allowing to stand 
2.5 hours the mixture was centrifuged 10 minutes at 3000 r.p.in. and 200 cc of 
the supernatant liquid was removed for analysis. This solution was first acidi- 
fied with HCl and allowed to stand for 24 hours. As the concentration of 
electrolytes was so near the precipitation value, there was always a trace of 
AsaSs that settled out; after the acidified solution had stood over night. This 
was filtered off, after which the solution was heated to boiling and the barium 
precipitated with an excess of H2S04. To render the results of a series of 
experiments comparable it was necessary to add the required amount of LiCl 
or LiCl and MgCL to the solution that was free from it originally. It goes 
without saying that the volume of solution and the amount of precipitant were 
kept constant. 


Table XI 


Adsorption by Arsenious Sulphide of Barium in the Presence of Lithium 


Mixtures added to 125 cc of 
colloid containing 2.84 g AssSi 

BaS04 remaining 
in 200 cc 

Barium adsorbed 

gms 

gms per mole 
As, 8, 

N/2LiCl iN/iooBaCU 

H ,0 


Average 

A 


0 

50.80 

74.20 

0.0288 

0.0284 

0.0140 

1.2x4 

0 

50.80 

74-20 

0.0280 




0 

56.25 

68.75 

0.0316 

0.0319 

O.OI5I 

1.3x0 

0 

56.25 

68.75 

0.0322 




6.2$ 

56.25 

62.50 

0.0371 

0.0373 

O.OII 2 

0.971 

6.25 

56.25 

62.50 

0.0375 




0 

53-10 

71-90 

0.0304 

0.0302 

0.0143 

1.250 

0 

53-10 

71.90 

0.0301 




1^-5 

53*10 

59*40 

0.0363 

0.0365 

0,0097 

0.841 

12,5 

53-10 

59 ; 40 

0 . 0368 




0 

47-00* 

73.00 

0.0259 

0.0260 

0.0132 

I -145 

0 

47.00 

73*00 

0.0260 


0 


25.0 

47.00* 

48.00 

0.0358 

0.0357 

0.0600 

0.520 

. 25,0 

47-00 

48.00 

0.0355 





“ -f^ccMgCl 

t 
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Experiment i gives the adsorption of Ba‘ ' ion at the precipitation con- 
centration for BaCU; experiments 2, 3 and 4 give (a) the adsorption of Ba * 
ion from BaCU alone at the concentration necessary to cause precipitation 
from the mixture with LiCl and (b) the adsorption of Ba ’ ‘ ion in the presence 
of Li* ion. In experiment 4 the concentration of BaCU is below the precipita- 
tion value, necessitating the addition of some MgCL. Since the precipitating 
power of these two salts is very nearly the same, the presence of the small 
amount of Mg* * ion can have little or no effect on the adsorption of Ba* ‘ ion 
at this concentration. Attention should be called to the fact that the concen- 
trations of LiCl and BaCL used in experiments 2, 3 and 4 correspond to those 
for 0.5, i.o and 2,0 cc of LiCl, respectively, in Table VII. The results are 
given in detail in Table XI. 

The observations recorded in Table XI show conclusively that concentra- 
tions of lithium below the precipitation value have a marked effect on the 
adsorption of barium. Thus at- the precipitation concentration of a mixture 
containing one-eighth the precipitation value of LiCl alone the adsorption of 
Ba’ ’ ion is lowered more than 25 percent; while from a mixture containing 
one-half the precipitation value of LiCl alone, the adsorption of Ba ’ is de- 
creased 53 percent. This marked effect of I A ion in concentrations below the 
precipitation value on the adsorption by AS2S3 of the strongly adsorbed Ba’ * 
ion is thus a factor of primary importance in raising the precipitation value of 
BaCL in the presence of LiCl. The high precipitation value of LiCl cannot be 
due to very low adsorption of Li ’ ion which would displace but little Ba’ ’ ion 
at concentrations below the precipitation value; but is due to fairly marked 
adsorption of Li ion associated with appreciable adsorption of the stabilizing 
Cl' ion within the concentration limits investigated. While the adsorption of 
the stabilizing ion of an electrolyte is usually disregarded since in many cases 
the effect is small compared to that of the precipitating ion, the time-honored 
statement is certainly incorrect that only the anions of an electrolyte determine 
its precipitation value for a positive colloid and only the cations for a negative 
colloid. Indeed it is not improbable in the case at hand that at certain concen- 
trations of LiCl or KCl below the precipitation value, the adsorption of Cl' 
ion is actually greater than that of the cation, particularly in the presence of a 
divalent ion such as Ba* * ion^ 

Another possible interpretation of the high precipitation value of LiCl is 
that neutralization is compensated for in part by a hydration influence which 
tends to stabilize the colloid. This hypothesis is untenable since the precipita- 
tion value of NaCl is almost as high as of LiCl and that of KCl is of the same 
order of magnitude although Na’ and K’ ions are said to be hydrated much 
less than Li* ion. A further objection to this hypothesis is that the relative 
degree of hydration of the ions is still largely a matter of conjecture. In dis- 
cussing this paper at the Milwaukee meeting Professor Bancroft called atten- 
tion to the results of some recent investigations of Baborovsky® which seemed 

^ Cf. Weiser: Loc. cit. 

* Rec. trav, chim. (4) 4 , 229 (1923) 
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to reverse the usually accepted order of hydration of the ions. Until we have 
more definite information on this point it would seem to be a waste of time to 
attempt to establish some relationship between the stability of a colloid and 
the hydration of an adsorbed ion. 

Returning to Table VII and VIII it will be noted that LiCl has a more 
marked effect on the precipitation value of MgCb than of BaCb. This is 
exactly what one should expect in view of the fact that the adsorption of Mg* * 
ion is not so great as that of Ba‘ ion as evidenced by the higher precipitation 
value of MgCb. However, the variation for mixtures is less marked than that 
observed by Freundlich and Scholz. Referring to their observations the latter 
investigators say: *Trom the standpoint of the effect of hydration it is not at 
all surprising that the peptizing action of Li* ion stabilizes the solution to a 
different degree against cations of the same valence. The coagulation value 
of Mg* * ion is much greater than that of Ba * ion in a solution containing 
LiCl although Mg* * and Ba* * ions have almost the same coagulating power 
in pure solution.” Unfortunately Freundlich and Scholz seem to have over- 
looked the fact that small differences in precipitation value do not necessarily 
mean small percentage differences. As a matter of fact they found the precipi- 
tation value of MgCL to be 20 percent greater than that of BaCU a difference 
that is certainly not negligible. Indeed the percentage difference between the 
precipitation values of LiCl and KCl was found to be no greater; yet this was 
clearly recognized as a difference because the actual figures representing the 
precipitation values were larger. As our figures show, the difference between 
the precipitation values of MgCL and BaCL is but seven percent as compared 
with twenty percent observed by Freundlich and Scholz. This is doubtless 
the chief cause of the variation between Freundlich\‘« values and our own in 
the precipitation with mixtures. The percentage difference in precipitation 
value of pure electrolytes is not the same on account of the wide difference in 
the concentration of the sols. Freundlich and Scholz used a very dilute sol, 
0.4 g AS2S3 per liter, for some unknown reason, while we employed a fairly 
concentrated sol for the reason already given. That the curves representing 
the precipitation values of ions diverge more markedly the greater the dilution 
has been demonstrated and an explanation offered in a recent paper from this 
laboratory^. In case adsorption studies are not contemplated one would 
ordinarily not employ such a strong AS2S3 sol as we have used for obtaining 
precipitation data. On the other hand there seems no good reason for working 
with an AS2S3 sol as dilute as 0.04 percent, particularly since it is difl[icult to 
get accurate precipitation data with a sol of this concentration. This may*, 
account for the approximate values frequently given in Freundlich and 
Scholz’s tables. 

Comparing the results in Tables VIII and X it will be seen that slightly 
more MgCL is necessary to complete coagulation of the sol in the presence of 
liCl than of HCl. This is readily explained when we consider that two factors 
enter into a comparison of this sort; the neutralizing action of the adsorbed 

‘ Weiser and Nicholas: J. Phys. Chem., 25 , 742 (1921) 
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Li * ion 01 H ' ion and tho antagonistic effect of the presence of these ions on the 
adsorption of Mg ’ ‘ ion. On account of its greater adsorption, the antagonistic 
action is greater than that of Li* but so is its precipitating power: the net 
result is that a somewhat smaller concentration of Mg' ' ion is necessary to 
bring about precipitation in the presence of H' ion than of Li' ion. 

The results given in Table X are interesting from another point of view. 
Tartar' and his pupils have recently put forth the view that th(‘ precipitation 
value of all electrolytes for colloids is approximately the same at the same 
hydrogen ion concentration. This can not be even approximately true in 
tho case cited. The precipitation value of MgCL may be the same at 
relatively enormous differences in the hydrogen ion concentration. As al- 
ready pointed out the effect of difference in the H ' ion concentration on the 
precipitation values of another cation for colloidal AS2S3 is determined by the 
relative adsorbability of the two ions and by the effect of the presence of 
variable* amounts of each on the adsorption of the other. 

Suxnmary and Conclusions 

1. The precipitation values of mixtures of pairs of electrolytes of similar 
and widely varying precipitating power have been found for positive hydrous 
chromic oxide sol and for negative hydrous stannic oxide sol and arseriious 
sulphide sol; and the adsorption of certain ions from mixtures of electrolytes 
during the precipitation of sols has been determined. 

2. The precipitation value of an electrolyte for a colloid is that concen- 
tration which results in sufficient adsorption of t he precipitating ion to neutral- 
ize the combined adsorption of the original stabilizing ion and the stabilizing 
ion added with the electrolyte. The adsorption of the stabilizing ion varies 
widely but is never negligible if the electrolytes precipitate only in high con- 
centration as is usual with elect rolyt(*s having univahmt .precipitating ions. 

3. The precipitation values of mixtures of electrolytes of similar precipi- 
tating power show an approximately additive relationship because the ‘‘ionic 
antagonism’^ between the precipitating ions is not marked. 

4. The precipitating values of mixtures of pairs of electrolytes of widely 
varying precipitating powTr and of different degrees of hydration may be less 
than the additive values. Thus mixtures of KCl and either K2SO4 or K2C2O4 
precipitate hydrous chromic oxide at concentrations less than the additive 
values; and the same is true for mixtures of LiCl and either BaCL or MgCL 
with hydrous stannic oxide. 

5. A study of the effect of chloride ion on the adsorption of oxalate ion 
both above and below the precipitation concentration of the latter discloses 
the absence of any marked ionic antagonism. The high precipitation value of 
KCl for hydrous chromic oxide is thus due to weak adsorption of chloride ion 
associated with but slight adsorption of the stabilizing potassium ion. The 

‘ Tartar and Gailey: J. Am. Chem. Soc., 44 , 2212 (1922); A supplementary report 
was read at the Milwaukee meeting of the American Chemical Society. 
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absence of appreciable ionic antagonism accounts for the precipitation con- 
centrations of mixtures not rising above the additive values in the several 
cases referred to in (4). That the precipitation values in these cases are lower 
than the additive values is accounted for by the well known fact that adsorp- 
tion is proportionately greater at lower concentrations of the adsorbed ion. 
Thus the adsorption of chloride ion is relatively greater at concentrations well 
below its precipitation value so that relatively less sulphate or oxalate ion is 
necessary to bring the combined adsorption above the critical value necessary 
for neutralization and coagulation. 

6. The results given in (4) and (5) are not in accord with the conclusions 
of Freundlich and Scholz that the hydration of a colloid and of the precipitating 
ions is of primary importance in producing ionic antagonism and that the 
behavior of a colloid with mixtures may furnish a suitable means of distinguish- 
ing a hydrophobe from a hydrophile colloid. 

7. The precipitation values of mixtures of electrol3rtes that vary widely 
in their precipitating power may be much greater than the additive values. 
This was observed on AS2S3 sol using mixtures of LiOl with either BaClj or 
MgClj and mixtures of HCl and MgCh. 

8. The adsorption of barium ion is decreased to a marked degree by the 
presence of lithium below the precipitation concentration of the chlorides of 
the metals. The adsorption of lithium ion is also influenced by the presence of 
barium ion. This cationic antagonism is the important factor in raising the 
precipitation concentrations of certain mixtures above the additive values. 

9. The high precipitation value of alkali chlorides for colloidal AssSs is 
not due to very weak adsorption of the cation but results from fairly strong 
adsorption of the cation associated with appreciable adsorption of the anion. 
This accounts at once for the high precipitation values of alkali chlorides and 
for the displacing power of alkali cations. 

10 The precipitation value of magnesium chloride is increased more than 
that of bariiun chloride in the presence of the same amount of lithiiun chloride. 
This is not due primarily to the difference in the hydration of the precipitating 
ions but results for the most part from stronger adsorption of barium ion than 
of magnesium ion. 

1 1. The influence of the hydrogen ion concentration on the precipitation 
values of another cation for colloidal AsjSj is determined by the relative ad- 
sorbability of the two ions and by the effect of the presence of variable amount 
of each on the adsorption of the other. It is thus possible to have the same 
precipitation value for a given electrolyte at widely different hydrogen ion 
concentrations. 
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THE EQUILIBRIUM BETWEEN IODINE AND BARIUM IODIDE 
IN AQUEOUS SOLUTIONS 

J. N. FEAnCE AND W. G. EVEBSOLE 

Since the discovery of the fact that iodine dissolves more readily in 
ariueous solutions of metallic iodides than in pure water the nature of the 
e<4ailibria existing in these systems has been the subject of numerous investi- 
gations. That a compound is formed between the iodine and the iodide is 
generally accepted. Although the literature covering these investigations is 
extensive in scope, reference will be made only to those articles which bear 
directly upon the present work. 

Jakowkin^ was the first to make a systematic study of the equilibria in- 
volved. He assumed the reaction; MI-|-I*=MI • L, and he has calculated 
the con'esponding equilibrium constants by means of the relation, 

_ Cmi • Ula 
CmIj 

In the case of barium iodide Jakowkin assumed that both iodine ato m s of the 
salt are equally active in combining with the dissolved iodine and he has based 
his calculations upon the reaction represented by the equilibrium, 

i/2BaI«= i/2Bal2-|-l2 • 

The corresponding equilibrium constant is given by the relation: 

j^_ [2a- (b-x)]x 
b— X 

where a is the original concentration of the barium iodide, b is the total con- 
centration of the iodine as determined by titration and x is the concentration 
of the free uncombined iodine, all in moles per liter in the water layer. For 
equivalent concentrations of the iodides studied Jakowkin has found that at 
25° the equilibrimn constants thus calculated are approximately equal to 
0.0014. 

Herz and Kurzer^ also have carried out a short series of determinations, 
using different concentrations of iodine with only one concentration of the salt. 
They assumed that only one of the two iodine atoms of barium iodide com- 
bines with iodine and they have based their calculations upon the equilibrium: 
Bal4*BaIi-l-Ii. The expression representing this equilibrium is, 

j^_ [a-(b-x)]x 
b— X 

The values of K thus calculated show a fair degree of constancy over the 
range of iodine concentration studied. 


* Jakowkin: Z. physik. Chem., 13 , 559 (1894); 20, 19 (1896). 
' Hera and Kuraer: Z. Elektrochem., 16 , 869 (1910). 
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The most recent work on the study of iodine-polyiodide equilibria is that 
of Van Name and Brown^ They have investigated the iodides of zinc, stron- 
tium, nickel, cadmium, mercury and lanthanum, and they have recalculated 
the data of Hers and Kurzer f ot barium iodide, using the method of Jakowkin. 
They conclude that the constant calculated by Jakowkin, rather than that of 
Herz and Kurzer, holds in g neral not only for the iodides of the bivalent 
metals, but also for the iodide of the trivalent metal lanthanum. 

In a series of papers Van Name and his co-workers® report the results of a 
study of the rate of reaction of metals with halogens dissolved in aqueous solu- 
tions of metallic halides. They found that the rate of reaction of metals with a 
given solution of a halogen, e.g., iodine dissolved in a solution of potassium 
iodide, is independent of the nature of the metal and depends only on the rate 
of diffusion of the iodine to the metal. This is in harmony with the diffusion 
theory of heterogeneous reactions. Moreover, the rate of reaction was found 
to be markedly increased by increasing the concentration of the potassium 
iodide. 

In a study of the rate of diffusion of iodine in solutions of potassium 
iodide Edgar and Diggs® have found that the rate of diffusion increases with 
the concentration of potassium iodide and, furthermore, that the increase is 
distinctly of the same order of magnitude as the increase in the velocity con- 
stants for the reaction between the metals and dissolved iodine. Believing 
that an increase in the potassium iodide concentration may increase the rate 
of diffusion of iodine indirectly, i.e., by influencing the fluidity, they deter- 
mined the rate of diffusion of iodine in and the fluidity of solutions over a wide 
range of potassium iodide concentration. They found that the increase in the 
rate of diffusion is much too great to be accounted for by the increase in fluid- 
ity alone. They assume that KIs molecules are present and that these mole- 
cules diffuse more slowly than the I^ion. Since an increase in the potassium 
iodide concentration must repress the ionization of the KI3, the rate of dif- 
fusion of the iodine for this reason decrease as the concentration of the potas- 
sium iodide is increased. No satisfactory explanation for the influence of tli® 
salt on the diffusion of iodine was found. 

It seems very probable that these authors have overlooked one possible 
and plausible explanation of the mechanism of the process whereby the rate 
of diffusion of iodine may be increased by increasing the concentration of the 
potassium iodide. If we consider a potassium iodide solution containing dis- 
solved iodine in contact with an equivalent solution of the potassium iodide 
alone, diffusion of iodine may take place in two ways, (i) Owing to the differ- 
ence in concentration of the KI3 molecules and their ions (K*^ and Ij)in the 
contiguous phases these species will diffuse from higher to lower concentra- 
tion. Obviously, at the same time KI molecules and their ions will diffuse in 
the opposite direction. (2) At the same time iodine may be transferred by a 

* Van Name and Brown: Am. J. Sci., 44 , 105 (1917). 

* Van Name and co-workers: Ibid., 29 , 237; 32 , 207. 

< Edgar and Diggs: J. Am. Chem. Soc., 38 , 253 (1916). 
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second process. Suppose a molecule of iodine, I2, temporarily free, diffuses 
from left to right, thus 

I2— . I2— ^ 1 ”— . 

When it comes in contact with an I~ ion, or with a KI molecule, it will combine 
vnth this to form the tri-iodide ion, or molecule. This in turn may again dis- 
sociate and liberate free I2 to be taken up by succeeding 1 ions or KI mole- 
cules. As a homely illustration of the process meant we need but recall the 
old-fashioned bucket brigade in action at a fire. The iodine molecules may be 
likened to the buckets which are passed on from man to man. Thus, the dis- 
tance passed over in the diffusion process in a given time has been increased by 
the diameter of the I” ion or KI molecules. Incidentally the actual rate of 
transfer of KI molecules and I” ions in the opposite direction has been in- 
creased by this transfer of iodine. The polyiodides are relatively unstable. 
Hence there is always some fiw iodine in the solution and the interchange of 
iodine molecules between molecules of KI or I” ions within the solution will 
become easier and more frequent as the concentration of the potassium iodide 
is increased. Excepting for possible differences in fluidity, the rate of diffu- 
sion of iodine of a given concentration should be the same in any given concen- 
tration of any alkali iodide. The general direction and velocity of the diffu- 
sion process will be governed by the concentration gradient of the polyiodidc. 

In a study of the system, potassium iodidoiodine-alcohol-water. Parsons 
and Corliss' conclude, from phase rule considerations, that no solid polyiodides 
are formed and that probably no polyiodides exist in solution. While experi- 
ence teaches that the solubility of iodine in alcohol is decreased by the addi- 
tion of water and that the solubility of potassium iodide in water is decreased 
by the addition of alcohol they find that the solubility of iodine and potassium 
iodide together is nearly the same in 40% or 60% alcoholic solutions as in pure 
alcohol or pure water. The}'^ believe that the increase is solubility is due to the 
mutual solvent effect of the iodine and potassium iodide on each other. They 
state that “the mutual solubility of the potassium iodide and iodine increases 
in proportion to the amount of the other present As proof of the nonexist- 
ence of polyiodides these authors offer the results of a few diffusion experiments 
in which an agar cup separates a solution of potassium iodide from a second 
solution of this salt saturated with iodine. They assume that the ions diffuse 
through the agar at the same rate as through the solvent. While this may be 
true for very dilute agar sols it is not necessarily true for solid emulsoids, and 
the specific effect on the diffusion speeds will be different for different ions. 
Furthermore, their agar cup walls were about 1 1 mm. thick and were made 
by dissolving agar in an o. i N solution of potassium iodide. Obviously, the 
actual concentration of the salt in the free water of the solid agar is greater 
than o.i N because of the water taken up by the agar on swelling. Hence, 
because of unequal osmotic pressures, when this agar membrane is placed in 
an O.I N KI solution water will either pass into the agar or potassium iodide 
will pass into the solution. For the purposes of this discussion it will be neces- 

^ Parsons and Corliss: J. Am. Chem. Soo., 32 , 1637 (1910). 



248 


J. N. PEABCE AND W. O. EVEBSOLB 


sary to review briefly the experiments performed by Parsons and Corliss. In 
the first experiment ao.i6 N solution of potassium iodide saturated with iodine 
was placed in the cup and the whole then immersed in an 0.1 N solution of the 
salt. According to the authors, “if the tri-iodide is formed, as shown by 
Jakowkin and others, the initial condition of the two solutions will be 


Outer solution Inner solution 

0.08 NKI 
0.08 NKI, 

0.0013 N Ii 

and the KI will diffuse from left to right. If, however, no compound is formed, 
the initial condition will be 


(A) 


o.i NKI 


agar 

KI 


Outer solution 
(B) 0.1 NKI 


Inner Solution 
agar 0.16 NKI 

KI 0.0813 N I* 


and KI will diffuse from right to left.” 

They did find that an appreciable amount of KI did diffuse into the o.i N 
solution ahead of any iodine, and hence concluded from this that no poly- 
iodide is formed. Another experiment apparently confirming this was ar- 
ranged in which an o. i N solution of potassium iodide surrounded the cup con- 
taining a similar solution saturated with iodine, thus 


Outer solution Inner solution 

0.0s NKI 
0.0s NKI, 

0.0013 N Ij 

“If a compound is formed KI should pass from left to right. But if no com- 
pound is formed then we should have as the initial conditions,” 


(C) 


o.iNKI 


agar 

KI 


(D) 


Outer solution Inner solution 

0..NK1 ‘S' 

KI 0.0513 N I, 

and the concentrations of the potassium iodide being equal at the start they 

should remain so during the diffusion of the iodine. This they actually found 

to be the case. Hence they reasoned that the iodine is free and uncombined. 

It is obvious at a glance that they are basing their conclusions solely upon the 

relative concentrations of the potassium iodide as indicated in the initially 

chosen conditions. 

It will be interesting to observe that the results obtained are exactly what 
one might predict on the assumption of the existence of pol3dodide8. Let us 
consider the cases (A) and (C) only. In respect to the T ion the outer solution 
is in each case hypertonic to the inner solution, and for this reason the salt 
should diffuse from left to right as Parsons and Corliss have assumed. Let 
us now take case (A). Both KI and Kh are strong electrolytes and hence at 
the dilutions used they are highly dissociated. As a rough approximation we 
may consider them as completely dissociated without vitiating the argument. 
The diference in concentration of the ion is roughly o.o6 N, that of the 
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1 “ ion is about 0.02 N and that of the la “ion 0.08 N. These differences in con- 
centration of the respective ions represent the diffusion pressure gradients of 
the ions, the dominating pressure gradient being that of the potassium ion. 
Under these conditions the K and la" ions must diffuse into the outer solution. 
The dissociated ions from a molecule electrostatically attract each other; the 
speed of the slower moving ion is accelerated by that of the faster, and vice 
versa. The velocities of the and 1 “ ions are approximately equal, that of 
the Is”" is less. Therefore, in diffusing the K"^ ions will drag with them both 
I* and Is^ ions, and possibly more of the faster moving 1 “ ion than of the I3" ion. 
The concentration of the T ion thus increased in the outer solution later ad- 
justs itself to an isotonic condition by diffusing into the cup, accompanied 
simultaneously by the outward diffusion of la' ions and the outward transfer- 
ence of iodine by the process described above. In case (C) the inner and outer 
solutions are initially isotonic with respect to the ions; the concentration 
gradients of the I* and Ia“ ions are equal and opposite. The la’ ions and the 
I2, by secondary diffusion, diffuse outward; the I “ ions diffuse to the inner solu- 
tion and the extent of this latter diffusion is less than it would be normally by 
the number of I “ ions set free in the secondary diffusion of iodine. It is obvious 
therefore that the conclusions of Parsons and Corliss regarding the nonexist- 
ence of polyiodides in solution are entirely untenable. 

In the previous work upon this subject the concentrations for the most 
part have been expressed in gram-mols, or gram-equivalents, per liter of solu- 
tion. It is evident that if very large concentration ranges are used there will be 
a considerable variation in the amount of solvent present. When the results 
for the different concentrations are compared on this basis the explanation of 
any variations in the equilibria observed must take into consideration not only 
the concentration of the iodide and the iodine, but also of the solvent present. 
The present work was undertaken with the purpose of eliminating effects due 
to variation in the amount of solvent by expressing all concentrations in gram- 
mols per 1000 g. of solvent. 

Purification of Materials 

Barium Iodide, The pure salt which had been twice recrystallized from a 
solution containing hydriodic acid was mixed with a small quantity of freshly 
prepared solid ammonium iodide and fused in a stream of dry nitrogen. The 
resulting product is a white ciystalline solid which can be kept indefinitely 
over phosphorus pentoxide. The purity of the salt was tested by repeated 
accurate determinations of both the iodine and the barium content. 

Iodine, Baker’s resublimed iodine was sublimed once from an intimate 
mixture with pure solid potassium iodide and once alone. All iodine deter- 
minations were made with an approximately 0.04 N solution of pure sodium 
thiosulphate which was frequently standardized against a freshly prepared 
iodine solution. This in turn was previously checked against a solution of 
sodium arsenite made from resublimed arsenic trioxide. 
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Carbon Tetrachloride. A large sample of this solvent was washed with 
water containing a small amount of sodium hydroxide. It was then repeatedly 
washed with pure water and allowed to stand over solid ahhydrous calcium 
chloride. Before use the solvent was decanted and redistilled. 

Solubility of Iodine in Water 

The solubility of iodine in water at 25® was determined by shaking an 
excess of pure iodine with conductivity water in tightly stoppered bottles of 
Jena glass. These were rotated in a large thermostat until equilibrium was 
established. Samples were withdrawn by means of accurately calibrated 
pipettes and run into tared glass stoppered erlenmeyer flasks containing a 
solution of potassium iodide, and quickly weighed. The exact weight of the 
iodine solution was determined by diflFerence and the iodine titrated with the 
thiosulphate solution. The solubility was calculated in mols of iodine dissol- 
ved in looo g. of water. Six successive determinations gave the following 
values: 0.0013291, 0.0013295, 0.0013287, 0.0013294, 0.0013292, 0.0013296. 
The mean value, viz., 0.001329, agrees well with the value of 0.00132 obtained 
by Bray and MacKay^ for mols of iodine in tooo c.c. of a saturated water solu- 
tion. 

The Distribution of Iodine between Carbon Tetrachloride and Water 

In making these determinations carbon tetrachloride, conductivity water 
and solid iodine were placed in glass-stoppered bottles, carefully sealed and 
then rotated in the thermostat at 25® until the iodine was completely dissolved 
and the distribution equilibrium w^as attained. 25 c.c. portions of the water 
layer and 10 c.c. portions of the carbon tetrachloride layer were quickly trans- 
ferred without loss of iodine or solvent to tared glass-stoppered flasks contain- 
ing an excess of a strong solution of potassium iodide and then quickly weighed. 
The iodine was determined by titration and the weights of the solvents by 
difference. From the data obtained the distribution ratio was calculated on 
the basis of 1000 g. of each solvent. This constant is not to be confused with 
the constant as determined by Linhaii:^ on the basis of 1000 g. of saturated 
solution. He found for K the value 56.75. 

The results of these determinations are given in Table I. The constancy 
of the ratios is all that can be expected when one considers the extremely low 
concentrations of the iodine in the water layer and also the fact that slight 
errors are considerably multiplied in reducing concentrations to mols per 1000 
g. of solvent. 

‘ Bray and MacKay : J. Am. Chem. Soc., 32 , 914 (1910). 

* Liahart: J. Am. Chem. Soc., 40 , 158 (1918). 
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Table I 


The Distribution of Iodine between Water and Carbon Tetrachloride. 


Grams 1 2 
1000 g. H2O 

0.0745 

o. 1020 
0.1078 
o. 1432 
0.2432 


Grams I2 

TOGO g. CX I4 

3 • 8990 

5 3584 
5 6775 
7 5M5 
T 2 .6950 


I2 (lOOO g. CCI4) 
I2 (1000 g. H2O) 

52.3s 

52 53 
52 64 
52.49 
52 21 


l2 (1000 C.C, CCI4) 
1 2 (1000 C.C. H 2 O) 
82 60 
82 .62 
8 :> 86 
82 69 
82 37 


Moan 52.5 


82 6 


The distribution ratio of iodine between water and carbon tetrachloride 
has also been determined by Jakowkin.^ He calculated his results on the basis 
of 1000 C.C. of solution and found that the ratio increases from 80.5 in dilute 
solutions to a value of 89 as the concentration of the iodine is increased. We 
have found that the value of the ratio for the range of concentrations used is 
independent of the eoncentration of the iodine when calculated on either basis. 
The mean value of the distribution ratio (K = 52.5) is used throughout the 
work which follows: 


Solubility of Iodine in Barium Iodide Solutions 

For this purpose solutions of an approximate definite normality were first 
prepared from the purified salt and air-free conductivity water. Accurately 
weighed samples of these solutions were taken and the barium precipitated as 
barium sulphate. The concentrations were then calculated on the basis of 
mols of barium iodide in 1000 g. water. To make the different dilutions used 
accurately measured volumes of these solutions were transferred to previously 
weighed 100 c.c. volumetric flasks and weighed. The solution was then diluted 
to 100 c.c. at 25° with air-free water and again weighed. From these data it is 
possible to calculate the concentration at all dilutions on both the weight and 
volume basis. The solutions were then transferred to dry glass stoppered 
bottles and an excess of solid iodine was added. The bottles were sealed and 
rotated in the thermostat for 24 hours, and then allowed to stand in the bath 
until the finely divided solid iodine had completely settled. Definite samples 
of the saturated solution were then transferred to accurately tared flaskes 
containing solutions of potassium iodide, weighed and the iodine determined 
by titration. From the weight of iodine found, the weight of the sample taken 
and the concentration of the barium iodide solution we calculated the total 
concentration of the dissolved iodine. 

The results of these determinations are shown in Table II. The molal 
concentration of the combined iodine was obtained by subtracting the molal 
solubility of iodine in water from the total amount of the dissolved iodine. 


' Jakowkin; Z. physik, Chem., 13. 539 (i^^94)- 
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Table II 

The Solubility of Iodine in Barium Iodide Solutions at 25* 


Mols Ball 

Mols I2 

Mols l2 

Mols I. 

1000 g. H2O 

1000 g. H2O 

(combined) 

Mols Ball 

0 . 000000 

0,001329 

0 . 000000 


0.000686 

0.002044 

0.000715 

I .042 

0.003120 

0.004482 

0.003153 

I .010 

0.006287 

0.007574 

0.006245 

0.993 

0.031674 

0.032199 

0.003087 

0.97s 

0,047716 

0.048413 

0.04702 

0.985 

0,080477 

(0.079370) 

0.07804 

(0.969) 

0.16497 

0.16872 

0.16739 

I .015 

0.34880 

0.39500 

0.39367 

I .129 

0-39633 

0.45460 

0.45327 

1.144 

0.57189 

0.81690 

0-81557 

1 .426 

0.87640 

1.4674 

1.4661 

1.673 

I . 1922 

2 .2880 

2 . 2867 

I .918 


Particularly interesting and significant are the data of the last column. 
It will be observed that the ratio of the mols of combined iodine to the mols of 
barium iodide decreases to a minimum with increasing concentration of barium 
iodide and then increases rapidly again as the concentration of the salt is 
further increased. Furthermore, the value of the ratio approaches 2 at the 
highest concentration. 

The Distribution of Iodine between Carbon Tetrachloride and Barium 

Iodide Solutions 

These experiments were made by taking a series of concentrations of 
iodine in an approximately given concentration of barium iodide. A sample 
of barium iodide, accurately weighed to i milligram, was transferred to a dry 
bottle and dissolved in exactly 75 c.c. of air-free water, 25 c.c. of carbon 
tetrachloride were then added and finally a quantity of solid iodine insuflicient 
to saturate the two laj^ers. The bottle was tightly sealed and rotated in the 
thermostat for 24 hours. After allowing the bottles to stand until the separa- 
tion of the two layers was complete definite portions of each layer were care- 
fully run into weighed freshly prepared solutions of potassium iodide, again 
weighed and the iodine determined by titration. The titration mixtures from 
the water layer were then acidulated with hydrochloric acid and the barium 
iodide content determined by precipitation as sulphate. The wei|^t of the 
water was determined by difference. The concentration of the free uncom- 
bined iodine in the water solution was found by dividing the iodine concentra- 
tion in the carbon tetrachloride by 52.5. From these data we have calculated 
the molal concentrations of the barium iodide, the free iodine and the cmnlnned 
iodine, and the equilibrium constants. The results of the detaminations are 
tabulated in TaUe III. 
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Table III 

Equilibrium Constants for Barium Iodide Solutions unsaturated with Iodine. 


Mols Balt * 

Mols I2 * 

Free I* • 

Ki-io^ 

K2 • 10^ 

Ka • io‘ 

K 4 -I 0 ^ 

a 

b 

X- lO* 





0.02308 

0.003953 

1-359 

6.85 

2 .05 

15-06 

4.16 

0.02299 

0 . 004806 

1-654 

6.53 

2.48 

14-73 

5 15 

0.02295 

0 . 006980 

2-635 

6.37 

4.27 

15-37 

8.80 

0.02289 

0.009544 

3-865 

S -79 

5-97 

15-45 

13-44 

0.02312 

0.009813 

3-935 

5-72 

6.05 

15-39 

13 .66 

0.02292 

0.012686 

5-603 

4*99 

8.73 

15-57 

20.66 

0 . 04600 

0.004598 

0.799 

7-34 

I 23 

15 48 

2-54 

0.04582 

0 . 009902 

1 .829 

6.79 

2 .82 

15-41 

5-97 

0.04647 

0,017210 

3 - 406 

5-97 

523 

15-35 

II .62 

0.04627 

0.023040 

5-038 

5 30 

7.87 

IS 62 

18.30 

0.06867 

0.008051 

0.954 

7.27 

1 .46 

15-51 

3-05 

0.06834 

0.01550S 

I 957 

6.78 

3 03 

IS 51 

6.46 

o.o6gio 

0.026387 

3.629 

6.01 

S 68 

15-64 

12 .68 

0.06893 

0.036852 

5 - 5.59 

5.00 

8.65 

15-55 

20.38 

0.13828 

0.060679 

4.240 

5-50 

6.46 

15-24 

14.72 

0.13830 

0.088340 

6.993 

4.04 

10 54 

15.08 

25.89 


The four simplest assumptions that can bo made in regard to the equilib- 
rium conditions are these. 

1. We may assume with Herz and Kurzer that only one of the iodide 
ions of barium iodide is capable of combining with iodine, and it combines 
with one molecule, thus Bal • l3» = Bal2+l2- The equilibrium constant for this 
is 

K « [ a~(b-x)]x 
‘ ' [b-xl 

2. Only one of the iodide ions is capable of combining with iodine and it 
combines with two mols of iodine. This assumption is represented by the 
chemical equation: Bal • l6 = Bal2+2l2. The corresponding constant is 

■ 

3. Both iodide ions are equally active in combining with iodine and each 

combines with one molecule oidy. This is the assumption of Jakowkin and 
the chemical equation may be written, Bal* For this the constant is 

„ l2a-(b-x)lx 

* [b-x] 

4. Each of the two iodide ions may combine with two molecules of iodine, 
via., Balt Bal + all, where ba corresponds to a half-atom of barium. In this 
case 
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The values for these four constants have been calculated and are tabulated for 
the different concentrations in Table III. 

Using the solubility data of Table I we have calculated the corresponding 
values for these constants for solutions saturated with respect to iodine. In 
these calculations we have assumed the molal solubility of the free iodine (x) 
to be 0.001329. The results are given in Table IV. 


Table IV 

Equilibrium Constants for Barium Iodide Solutions saturated with Iodine. 


Mols Bal2 

0 . 000000 

Total Mols I2 
0.001329 

Ki • 10^ 

K* . 10^ 

Ks . 10^ 

Kiio’’ 





0 . 000686 

0.002044 

-o 54 

16.27 

12.21 

50.17 

0.003120 

0.004482 

— 0. 14 

17 -30 

13.01 

52.28 

0.006287 

0.007574 

0 09 

17.90 

13.78 

53-47 

0.03167 

0.03220 

0-35 

18.58 

13.98 

54-82 

0.04772 

0.04841 

0.20 

18.18 

13.65 

54.03 

0 . 08048 

0.07937 

(0.41 

18.76 

14.12 

55.18) 

0.16497 

0 . 16872 

— 0.19 

17 - 15 

12 .91 

53.16 

0.34880 

0.39500 

-1.52 

13-64 

10 . 26 

44 -Q 4 

0.39633 

0.45460 

-1.66 

13-23 

9.95 

44.12 

0.57189 

0.81690 

’-" 3-95 

7.11 

5-35 

31.88 

0.87640 

1.4674 

~5 35 

3-46 

2.59 

24.57 

I 10'?2 

2 . 8800 

-6.36 

0.76 

0.57 

19.17 


A survey of the data for solutions of barium iodide unsaturated with 
respect to iodine (Table III) shows that the values of K3 are fairly constant 
for concentrations up to 0.14 M. Evidently then we are safe in assuming that 
each of the iodide ions of the salt is capable of combining with one molecule of 
iodine to form the compound Ba(l3)2. This confirms the work of Jakowkin 
and of Van Name and Brown. It is clear also that the values of Ki, based on 
the assumption of Herz and Kurzer, do not even approximately represent the 
equilibrium conditions. The values of Ki for each single concentration of 
barium iodide decrease rapidly with increase in the concentration of the iodine. 
Equally valueless for these concentrations are the relations indicated by K2 
and K4. 

The data of Table IV show a striking anomaly with regard to the equilib- 
rium conditions. If the equilibria in solutions of barium iodide saturated with 
iodine are to be explained by the formation of a higher polyiodide, the poly- 
iodide formed is very probably Ba(l5)2, since the two iodide ions are equally 
active. Under these conditions we should expect a fair degree of constancy 
for the values of K4. The maximum variation in the values of K4 between the 
concentration limits 0.003 M and 0.16 M is about 4 percent. On the other 
hand, the values for K2 and Kz for the same range of concentrations are equally 
good. The values of Ki (H. and K.) are for the most part negative. It should 
be observed also that the values for all four equilibrium constants past thiough 
distinct maxima at about 0.03 M Bal*, and then decrease rapidly with further 
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increase in the concentration of the salt. Further, the concentration giving 
the maximum value for K is that concentration at which the ratio Ij/Bala is a 
minimum. 

We assume for ternai7 electrolytes a step-wise dissociation with dilution 
for moderate concentrations. It is also known that in concentrated solution 
some ternary electrolytes undergo polymerization and subsequent ionization 
forming complex ions. Our present ignorance of the nature and extent of the 
ionization of barium iodide in concentrated solutions renders impos.«ible the 
calculation of the equilibrium constants for solutions of barium iodide saturated 
with iodine. 

Summary 

1. The solubility of iodine in water and in aqueous .solutions of barium 
iodide at 25° has iK'en determined. 

2. The distribution ratios of iodine between carbon tetrachloride and 
water have been redetermine<l on the basis of mols in 1000 g. of solvent. 

3. We have calculated the equilibrium constants based on four different 
assumptions of possible equilibria for barium iodide .solutions both saturated 
and unsaturated with respect to iodine. For dilute solutions unsaturated with 
iodine Ba(l3)2 apjicars to be the only polyiodide pivsent. For concentrated 
solutions saturated with iodine the ilata indicate a mixture of thetri- and penta- 
iodides. 

Phyincal ChertnMry Laboralort/f 

The State University of Iowa. 

Iowa City, la. 



BAUDRIMONT AS COLLOID CHEMIST 


BY WILDER D. BANCROFT 

Last spring Mr. W. A. Bender, chief chemist of the Douj^as Pectin Cor- 
poration, told me that in the Trait 4 de Chimie, published in 1844-1846, 
Baudrimont had included a great deal of very good colloid chemistry. After 
some difficulty I succeeded in securing a copy of the book and I find that Mr, 
Bender had not exaggerated things in the least. 

In the second volume, pp. 842-850, Baudrimont has a chapter on the 
general characteristics of particulate or non-crystallizable substances. Since 
particulate is not a word in common usage, I am going to substitute for it the 
word granular, which means the same thing. ‘^Organic substances occur in 
a series of stages, rising from the level of inorganic compounds to the structure 
of organized bodies. In the lowest stage they are like inorganic compounds. 
Like them they occur and react in definite proportions; they are solid, liquid, 
or gaseous; their molecules have fixed axes which give them a structure and a 
definite crystalline form; but they are characterized by their origin and by 
the nature of the elements which constitute them, typical instances being 
sugar, alcohol, and the gaseous carbides (hydrocarbons], etc. In the next 
stage the substances do not have compositions described by the law of definite 
proportions, they combine in varying proportions, they are formed of particles 
visible under the microscope and having no definite axes. When left to them- 
selves the particles either remain free and take the form of a liquid, like albu- 
min, or they agglomerate and form tuberculous masses like the gums and the 
resins. At a still higher stage the particles arrange themselves under the influ- 
ence of definite forces, forming organic tissues, like the cellular tissues, the 
muscles, and the nerves. Finally they assume forms and methods of arrange- 
ment which vary with the beings to which they give rise. 

^‘The first stage is that which is represented by organic compounds in the 
strict sense of the word, by the substances described in the first part of the 
organic chemistry under molecular or definite compounds. The second stage 
is represented by substances, whose constituent parts, though st^ll subject to 
the laws of mechanics, adopt nevertheless the form of the constituents of the 
organic tissues. They are represented by spheroidal particles which are either 
liquid or seem to be; particles which are formed under the influence of forces 
peculiar to or inherent in them, if we may use such a phrase. These substances 
I have called granular and they will be described in the second part of the 
organic chemistry. At the next higher stage, if exterior forces supervene, the 
granular constituents agglomerate according to certain laws and form organ- 
ized beings as has been said. These last two groups of substances belong 
necessarily under general anatomy and physiology and need not be discussed 
in a treatise on chemistry, although they have really been studied by chemists. 
There are now text-books on anatomy and physiology which include all the 
chemical ideas which are needed. 
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^^The granular substances are formed of spherical or spheroidal particles 
having diameters varying from two hundredths of a millimeter to about one 
millimeter. This enormous variation in volume can be observed in some cases 
with a single kihd of particle, starch, for instance. When the particles are 
brought in contact with certain liquids, they either take up the liquids and 
swell considerably or they yield a part of the liquid they contain to the sur- 
rounding fluid and shrink. The first phenomenon ocjcurs strikingly with 
starch grains in boiling water or in hot acidulated water; with histose, the 
cellular tissue of animals, in presence of boiling water. The second phenomenon 
can be observed by putting grains, such as gum arabic, into alcohol after they 
have swelled in water. 

'^When the particles are swollen very much and are held in suspension in a 
liquid, they seem to be dissolved but they are not. Albumin and gum arabic 
are usually called soluble in water; but they are not really soluble and only 
seem to Ix', their special structure permitting the particles to slide one upon 
another and thus duplicate in mass the properties of a liquid, while they also 
give this seeming liquid a special viscosity because of the mutual adhesion. 

‘Tf the liquid in contact with the grains has some chemical substance in 
solution, this substance may penetrate the grains and be held there by a 
variable force, of a nature similar to that which causes solution and capillary 
phenomena. Very soluble salts may t hereforo be ret ained by the particles even 
after a number of washings. It is for this reason that it is almost impossible 
to remove potassium acetate which has been adsorbed b}" protein. The gran- 
ular substance may even protect the adsorbed substance so completely that 
the latter will resist a chemical attack which would ordinarily dissolve it. 
Fibrin will retain phosphates so that only with extreme difficulty can hydric 
salts [acids] dissolve them readily under ordinary conditions. There seems 
to be a sort of adhesion which holds together the part icles and t he substance 
fixed by them. 

'The substances held in a state of pseudo-combination by the granules 
modify the properties of these latter remarkably. Since the granular sub- 
stances are generally not soluble and would lose all their characteristics pro{>- 
erties if they were soluble, the adsorption may prevent them from expanding 
[dispersing] sufficiently in a liquid to appear solubk^ and we therefore say that 
they have become insoluble. Substances, which make the granules contract, 
may precipitate them. 

"Among the modifications of the granules when in pseudo-combination, 
two are very remarkable. In one the particles become visible and may be 
said to be solidified; but they remain isolated. This occurs with barium 
hydroxide and albumin. In the other case the particles contract and agglom- 
erate to form a clot. In other words, coagulation occurs. We get this when 
alcohol, chloromercuric acid, or the mineral acids, with the exception of 
phosphoric acid, react with albumin. To what is due the repulsion or adhe- 
sion? What gives rise to these differences? These are questions with which 
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the future will have to occupy itself and which will perhaps clear up what 
happens in the organs of living beings when the constituents which form them 
are fixed, 

‘‘The union just described is very different from chemi&l combination; 
it does not affect the molecules and is not according to definite proportions. 
The amounts which combine are proportional to the time [?] and to the tem- 
perature. This accounts readily for the fact that chemists have believed in an 
increasing saturation capacity which nevertheless gave definite compounds. 
Instances of this are the facts observed by M. Fr6my in his work on pectin 
and by M. Mulder in his work on fibrin. The latter chemist claims that 
fibrin obtained from blood from the jugular vein of a cow gave a sesquifibrate 
of silver, while fibrin prepared from arterial blood obtained by cutting the 
carotid artery of the same animal gave quadrifibrates. All the alleged, definite 
compounds of albumin, fibrin, pectin, pectic acid, etc., are indefinite com- 
pounds in varying proportions, which may nevertheless have a definite limit; 
but this limit is comparable to the limiting amount of water which a sponge can 
take up. 

“There is one conclusive proof of the views which have just been put for- 
ward. So long as a granular substance is not destroyed, it keeps its particulate 
state no matter what combination is formed. I have treated pectin with a 
number of reagents, obtaining apparent compounds and double decomposi- 
tions. In every case the new compounds were particulate and when one 
regenerated the pectin from a series of compounds, it had its original proper- 
ties and its granular form.” 

“The extraction and purification of granular substances is a very special 
problem. They cannot he dissolved and allowed to crystallize; they cannot 
be distilled or sublimed. If one were to dissolve them, to make them form real 
compounds or to change their physical state, they would lose entirely the struc- 
ture which characterizes them and they would not regain it, if we assume that 
this structure us usually the result of organic functions. We must therefore 
purify granular substances by a series of treatments which will not alter them 
but which will destroy the impurities which are present. We obtain cellulose, 
protein, and casein for instance, by treating them successively with acids, 
alkalies, ether, alcohol. 

“The occurrence of inorganic compounds in the granular substances in- 
terferes very much with the accuracy of the analytical results that one gets. We 
usually assume that the weight of the organic portion is equal to the difference 
between the total weight of the substance and the weight of the ash obtained 
by combustion. The ashes, however, are not necessarily in the same state of 
combination as in the original substance. The iron may be ferric and not be 
ferrous; there may be carbonates instead of salts of organic acids. If such 
analyses are to be significant, it is essential to know the form in which the 
inorganic bases occur in the organic substance, to make an accurate analysis 
(ff the ash, to calculate the form in which the bases were, and to correct the 
experimental data in accordance with this. 
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has already been said the granular masses behave like liquids, jellies, 
or amorphous and vitreous substances. Liquids containing particles in a 
state of pseudo-solution [colloidal solution] are always viscous. If the visco- 
sity increases, that is if the granules become more adherent, they unite and 
form a jelly, like starch, paste, the mucilaginous gums, pectin, gelatin, and 
chondrin. In the solid state they fonn lumpy masses like the gums, the starch- 
es, the fats, and cellular tissue. The property of forming a viscous liquid or of 
setting to a jelly is so limited to the granular substances that I have not found 
a single substance with this property which did not have a particular structure. 
Typical cases are the glairy substance in mineral waters, the mucus of viscous 
fermentation, the pseudo-solutions of gums, albumin, animal jellies, etc. All 
these owe their properties to the granular nature of their constituents. I even 
dare to add that all substances, like the gums, which are amorphous and 
vitreous are particulate and that so arc potassium silicate jelly, viscous sul- 
phur, the different forms of glass, the hydrated silica obtained by M. Ebelmen, 
hyalite, the resins, agate, etc. 

‘‘The particles are formed by the dispersion of a pre-existent liquid or by 
the formation of one liquid in another liquid which cannot dissolve it. A small 
amount of liquid left to itself in the mass of another liquid will tend to become 
spherical and will become spheroidal under the influence of gravity or other 
forces. One sees this if one drops mercury on a table or disperses oil in mucilage. 
One must therefore assume that all the organic granules have passed through 
the liquid stage. . . . 

“The knowledge of the granular state of organized bodies clears up many 
facts hitherto inexplicable and leads to many applications. It explains the 
formation of organic substances, a number of physiological phenomena, the 
part played by mineral fertilizers, the constitution of the skeleton, the dyeing 
of textiles, the tanning of skins, etc. 

“The opinion has already been expressed that organic tissues were formed 
of granules^ and this view was rejected for many reasons, among others that 
some of the infusoria have organs smaller than the smallest granules and that 
consequently all animal tissues cannot be particulate. That may be true but 
they have credited the infusoria with many organs which they do not possess 
and I am also prepared to state that many of the infusoria are formed entirely 
of globules. Anyhow, this does not invalidate anything which has been said 
because we have been talking about beings higher in the organic scale, for 
which the proof is positive and not to be overthrown by any objections. 

“We may therefore consider all the statements in the preceding para- 
graphs as absolutely accurate. They are true for all the substances which are 
to be discussed in the remaining pages of this volume. It is in consequence of 
unpunished microscopic observations and tests, covering a period of nearly 
twenty years, that I am able to gather together and to correlate all these 
results, which create a new branch of chemistiy.^' 

^ Here Baudrimont is apparently using the word in the sense of cells. 
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Baudrimont considers that the particles of gelatine, for instance, swell 
in water and thereby become invisible. He does not seem to have considered 
the possibility of their being dispersed into smaller particles and consequently 
we cannot credit him with a knowledge of peptization. Baudrimont did not 
know that the soaps form true solutions in alcohol and colloidal ones in water 
and he believed in colloidal substances rather than colloidal states; but so did 
Graham and, for that matter, so did the rest of us up to relatively few years 
ago. 

On the other hand Baudrimont was perfectly clear that the second sul> 
stance in a colloidal solution is not in solution but only appears to be. He knew 
about adsorption and, though he never heard of an adsorption isotherm, he 
’ knew that adsorption may soon reach a practical limit with increasing concen- 
tration. He knew that suspended particles may swell without forming definite 
hydrates and he knew that jellies are formed by the partial agglutination of the 
suspended particles. He knew that adsorption may change the apparent 
physical and chemical properties of the adsorbed substance and that the ad- 
sorbed substance may coagulate and precipitate the adsorbing colloid. He 
knew that most of the alleged compounds with colloids did not exist. In short, 
Baudrimont knew a great deal more about colloid chemistry ninety years ago 
than some distinguished scientific men do now. 

One or two special quotations will emphasize Baudrimont^s point of view. 
"Gum arabic appears to be soluble in water but docs not dissolve in it. The 
particles separate, imbibe liquid, become soft and flexible, and therefore share 
the dynamic conditions of equilibrium of the water which holds them in sus- 
pension. The viscosity of the liquid is increased considerably by the adhesion 
of the particles of gum arabic. Alcohol cannot break apart the particles of 
gum arabic and hold them in suspension as water does. When one adds alco- 
hol to the seeming solution of gum arabic, it causes them to contract and pre- 
cipitate," p. 853. "Casein occurs in milk and appears so completely dissolved 
that it is impossible to see it. The only particles that one sees directly are 
those of the butter fat. Nevertheless suitable reagents cause the casein to 
contract and the particles then become visible. For a long time casein was 
considered to be soluble in water; but, quite independently of my observations. 
M. Rochleder has shown that water does not dissolve any casein when the 
latter is pure," p. 879. Casein is not considered by Baudrimont to form defi- 
nite compounds either with acids, alkalies, or salts. 

"Albumin occurs in the form of absolutely invisible particles when one 
examines it without any additions; but when a suitable reagent is added the 
particles become readily visible and easily recognized. Barium hydroxide 
solution is the best reagent for this purpose. When made visible in this way, 
the particles of blood albumin are much smaller than the red blood corpuscles 
and are only 0.005 diameter. The particles of egg albumin from two 

lots of hen's eggs were o .006 mm in diameter," p. 884. "Gelatine is particu-* 
late, isolid, transparent, colorless, denser than water, hard like horn, fragile, 
and with a conchoidal fracture when it is very dry, while it is flexible, very 
elastic, and very tough when it is a bit damp. . . . Put in contact with water 
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at room temi>erature, it swells, losing its limpidity and solidity. If, after it is 
permeated by water [not hydrated], it is heated to 50® or 60®, the gelatine 
appears to dissolve completely; but it is really only held in suspension, as can 
be shown by microscopical examination after treatment with suitable reagents, 
and as is also proved by the gelatinous state to which it returns on cooling,’' 
p. 896. 

In the first volume Baudrimont ixiints out, p. 198, that probably all 
solids show what we now call selective adsorption, especially when they are 
porous with fine pores. He considers, p. 81, that dyes are taken out of solu- 
tion by the textile fibers and made apparently insoluble without forming any 
definite compounds. The phenomenon is analogous to the decolorizing by 
charcoal, which everybodj" knows does not involve the formation of definite 
chemical compounds. Even the taking up of cochineal by cotton mordanted 
with alumina is thought to be a case of adsorption, p. 198. 

Although very clear on the subject of dyeing, the question of mordants 
was rather too much for Baudrimont.' ‘^Alum atone does not cause any pre- 
cipitate in a solution of carmine; hut it has the remarkable property of fixing 
the carmine on textiles. A textile can be immers'd in a solution of carmine 
without being dyed in the least. It only soaks up the dye wdiich can be removed 
completely by a few washings. Alum <loes not precipitate carmine and yet, 
if the t(‘xtile has previously been impregnated with an alum solution, the 
coloring matter becomes fixed on the cloth and cannot be removed ay any num- 
ber of washings. This is a general [)h(‘nomenon. Infusions or .solutions of 
coloring matters can only lx* fixed upon textile by metallic salts. Such salts 
are called mordants.” 

What Baudrimont has overlooked is that impregnating cloth with a solu- 
tion of alum precipitates in th(' fibers either alumina or a basic salt. luther of 
these will take carmine out of sohition in the absence of the cloth. One must 
not hold this minor slip up against him in view of what he gix^s on to say about 
dyeing. ^‘Under the conditions just mentioned, the cloth, or the threads from 
which it is made, function by some sort of capillary action, for they are not 
destroyed. The dye is only fix(‘d on their part icles fonuing a special type of 
compounds in which the molecules are not changed. Such compounds have 
been called particulate [indefinite or adsorption compounds]. For any coloring 
matter, inorganic or organic, to unite with a textile and dye it in a durable 
manner, the dye must be dissolved in a medium so that it can impregnate the 
textile and be made insoluble by it. This is the fundamental principle in all 
dyeing. A few instances will suffice. Orpiment [arsenious sulphide] is used 
as a dye by dissolving it in ammonia, dipping the cloth in the bath, and letting 
the ammonia evaporate, when the cloth will be found to be dyed. One can 
produce double decomposition in the fabric, as in dyeing yellow, by impreg- 
nating the cloth in a solution of a lead salt and then dipping it in a solution of 
potassium chromate which reacts with the lead salt to form lead chromate. 
Dyeing with Prussian blue is done in a similar way. Indigo white, dissolved 


‘ Traits de Chimie, 2, 24, 756 (1846). 
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in water, will penetrate the threads and becomes insoluble and blue on contact 
with the oxygen of the air. As has been mentioned, djes may be fixed on the 
fabric by mordants. The sole function of mordants is not to fix dyes. Diffor* 
ent mordants may give different colors and a single immersion in a madder 
bath may dye the cloth five or six different colors according to the mordants 
printed on the cloth in advance.” 

Baudrimont* might have discovered the mass law years before Guldbei^ 
and Waage if he had done a few experiments instead of merely talking about 
them. He calls attention to the extraordinary fact that iron oxide can be 
reduced to metallic iron by hydrogen with the formation of water and that iron 
can be oxidized to an oxide by steam with the formation of hydrogen. He 
points out that these apparently contradictory results are due to the effect of 
mass. “It is the preponderance of the water vapor over the hydrogen in the 
one case which causes the iron to bo oxidized and keeps the oxide from being 
reduced. It is the preponderance of hydrogen over water vapor in the other 
case which causes the oxide of iron to be reduced and keeps the metal thus 
produced from being oxidized. Perhaps it would be possible to make a mix- 
ture of hydrogen and water vapor which would be without action either on iron 
or iron oxide. If so, the ratio of the two quantities of these substances would 
give that of their chemical masses. An experiment of this sort would be easy to 
do with carbon monoxide and carbon dioxide.” 

The experiments apparently never were made; but I hope that these 
quotations will show that Baudrimont was not a man to be forgotten profitably 
even though his work along these lines had absolutely no effect so far as we 
now know. It is a discouraging point of view; but apparently a good idea at 
the wrong time or by the wrong man, which is perhaps the same thing, is appar- 
ently as much wasted as though it had never occurred. One can console one- 
self however by assuming that if it were not for these preliminary and appar- 
ently futile efforts, the right time and the right man would never come. Emer- 
son did not love the Irishman but he thought up a use even for him. 

ComeU University, 


‘ Traits de Chimie, 1, 183 (1844). 



THE DETERMINATION OF SOFTENING TEMPERATURES BY 
THE FLUIDITY METHOD 

BY EUGENE C. BINGHAM 

The determination of the mclting-pdint of a soft solid which melts to a 
very viscous liquid has long presented a difficult problem, so that many sub- 
stances are said to have a “softening temperature” rather than a melting- 
point and it is not clearly understood whether a definite transition temperature 
really exists. If waxes, resins, pitches, et cet. do show a sharp transition tem- 
perature from the viscous to the plastic regime and vice versa, the fact may 
have an important tearing on the control of colloidal materials, as previously 
pointed out‘. Some of the plastics used in dentistry seemed to afford an oppor- 
tunity for studying the possibility of using the viscometer or plastometer in 
attacking this problem. 

In making artificial dentures, it is necessarj' to obtain a ver>’ accurate 
impression of the inside of the patient’s mouth in order to obtain a well-fitting 
plate. For this purpose Plaster of Paris was formerly used but plastics have 
recently been devised which will become soft enough to mold very readily at 
temperatures which can te tolerated in the mouth : j-et at the temperature of 
the body the materials are rigid enough to hold their shape permanently. 
These plastics are made from varnish resins mixed with stearic acid, talc and 
coloring matter. 

Two compounds designated T and E, obtained from the S. S. White 
Dental Mfg. Company were studied. The resin content in both was the same. 
Compound T contained 40% stearic acid by weight. In compound E, 6% of 
stearic acid was replaced with mineral oil of viscositj’^ 187 Saybolt seconds at 
SO^C. 

To compound T, 44.5% talc by weight or 22.0% by volume was added, 
the mixture becoming TB. 

To compound E, 50% talc bj' weight or 26% by volume was added 
orming mixture ER. 

The coloring matter made up an inappreciable percentage of the whole. 
The instrument used was the plastometer already described in Bulletin 278 
of the U. S. Bureau of Standards. A capillary was used having a length of 
7.09 cm. and a radius of 0.0504 cm. 

The data obtained are given in Table I and plotted in Figure I. If the 
materials used are plastic solids, the fluidity should continually decrease as the 
shearing stress is lowered. In none of the materials was there any evidence of 
this, hence we must assume that the materials have such a small yield value, 
if any at all, that they behave as viscous liquids. In certain cases the volume 
of flow was very small (0.04 g.) hence the percentage of error is much higher 

' Bingham: Ind. Eng. Chem. 14 , 1014 (1922). 
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than need be with a more favorable disposition of apparafus. fa these prelim- 
inar}^ experiments a long and narrow capillary \ras preferred. 

The fluidity of each material decreases in a linear manner as the tem- 
perature is lowered so that each material has a definite transition temperature 
from the plastic to the viscous condition. Moreover, this transition temper- 
ature is not affected by the addition of solid material like talc. The substitu- 
tion of 6% of oil for an equal per cent of stearic acid inen^ases the fluidity of the 
compound and lowers the transition temperature from 45.2°C to 42.4^0. The 
addition of talc to cither wax base lowers the fluidity rapidly, but in a peculiar 
manner. Thus a given percentage of talc lowers the fluidity a constant per- 
centage of its value, irrespective of what the fluidity maybe, due to the changes 
in temperature. This is quite similar to the behavior of suspensions in water 
studied by Bingham and Durham. From a practical point of view, this lower- 
ing of the temperatun^ coefficient of fluidity has the effect of extending the 
temperature range ov(‘r which the material is workable. It may noted that 
both materials containing talc are made up to have practically the same 
fluidity at 55°C\ Since the base T has a much lower fluidity (21.9) than the 
base E (36.0), the percentage of talc necessary to be added to the former is 
only 44.4 j)cr cent whereas the latter required 50 per cent. 

The material ER has the advantage over I'B in that it would have a con- 
siderably greater range of temperature in actual use, during which the material 
could be molded, but it would presumably have the disadvantage that at the 
temperature of the body (37°C) the material would be so near the transition 
temperature that considerable care would be necessary in handling. On the 
other hand, the material TB would l)e expected to have a higher yield value, 
but it should he used at the highest practicable temperature. 

Earlier work would lead one to suppose that the talc would lower th(‘ 
fluidity in a linear manner and we would expect that the same percentage of 
talc would be necessary with either base, in order to obtain zero fluidity. As- 
suming a specific gravity for talc of 2.75 the mixture TB contains 22 per cent, 
by volume and the composition having zero fluidity would contain 26.7 per 
cent. The mixture ER contains 26 per cent, of talc by volume and the mix- 
ture of zero fluidity would contain 29.3 per cent, by volume. These figures are 
not quite identical as they should be. This may l>e explained by the diflBculty 
of removing the air which is incor[3ortated with the talc in the material. More 
of this remains in that mixture having the higher percentage of talc and the 
air naturally adds to the fluidity of the mixture. 

A most interesting question is in regard to the nature of the transition 
point. It is obviously not a melting-point because when pure liquids are cooled 
the fluidity reaches the zero value a83anptoticany unless crystallization inter- 
venes, in which case there is a sudden drop in the fluidity. In these waxes 
there is no sudden drop and yet the zero value is not approached asymtotically. 
When the materials have zero fluidity, they must posseas a structure which 
obstructs the flow. If the structure does not develop suddenly it must develop 
gradually as the material is cooled. Moreover the stmeture must be due to the 
stearic add since that is the constituent which affects the temperature of zero 
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Table I 

THE FLUIDITY OF DENTAL WAXES 


Compound 


Tempera- 

Pressure 

Efflux 

Fluidity X 10® 


ture 

gm. per cm® 

gm./secX 10® 

Observed 

Avg. 

Calc. 

55° 

317 

23.5 

22 .0 

21 9 

21.9 

55 

647 

4g-7 

22 .8 



55 

1245 

93 • 3 

22.3 



55 

1658 

1 14 -3 

20.6 



50 

1658 

57 I 

ro. I 

10 2 

10 . 7 

50 

1245 

44 0 

10.4 



50 

647 

22.3 

10 . 1 



47.5 

1658 

33 0 

5 9 


51 

46 

1658 

3,« 

0.7 


t.8 


0 = (T — 45.2) 2 23 X ro “ 


(’oiripound “TIV* 


55 

1656 

30-3 

3 -9 

3-9 

3 8 

55 

1968 

36 0 

3 9 



50 

1656 

14 4 

f 9 


I 9 


4 5.2) o . , ^85 X T 


( •oinpound 


55 

827 

103 

37.5 

36.0 

I 30 -2 


1245 

141 . 

34 0 



55 1 

1658 

208 . 

37.7 



55 

^245 

144. 

34 7 



52 1 

1245 

1162 

27 8 


27 .6 

50 

1245 

89. g 

2 * 3 


21 7 

48 i 

1245 

66 8 

^5 7 


16 I 

45 

1658 

42 6 

7 4 1 

1 

7-5 



</) = (T— 42 4) 

2 87X10"^ 




(>)inpound '‘ER’' 



55 

1245 

25.6 

4 2 

4.0 

4.0 

55 

1658 

31.2 

31 



55 

1968 

44-3 

4.6 



50 

1968 

21.0 

2 . 2 


2 .4 

45 

iq68 

8.2 

0.8 


0.8 


(T — 4 2 . 4 )o_3 1_^X 25 7^ 


Fkj. 1 

Fluidity-temperature relationships for: 
Exact impression compound « E 
Do. with talc and color (red) »ER 
Tray impression comi)ound*«T 
Do. with talc and color (black) *TB 
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fluidity, at the concentrations studied. The conclusion therefore seems to be 
necessary that a part at least of the stearic acid is present not as a true solution 
in theresinous substance but in colloidalsolution. Asthetemperatureislowered 
the particles of stearic acid increase either in number, or in sise, or both, until 
they come within range of each other and flow is interferred with. This is then 
the transition temperature. 

Below the transition temperature the material is still soft and therefore 
plastic. It is hoped to measure the plasticity and elasticity later. From the 
work which has been done with suspensions it might be expected that these 
materials would exhibit pseudo-plastic flow with small though measurable 
yield values well above the transition point. But if this eccentricity of flow is 
due to seepage it is not surprising that it is absent from such extraordinarily 
viscous material as that w'it.h which we are here dealing. 

In the table the pressures are corrected for hydrostatic head. The 
efflux from the capillary is given in grams per sec.Xio® in column 3. The 
fluidity in absolute units X 10^ is given in the fourth column, while in the 
last column are given the fluidities calculated by linear formula, given in the 
table. 

Since for these experiments the radius of the capillary was determined 
merely by the weight of a mercury thread, the values of the fluidity are not 
claimed to be exact, and for the present there is no need that they should be. 
However it is hoped later to test these conclusions with other capillaries. Mur- 
ray has proved that for absolute measurements of flow, capillaries must be 
measured with great care. 

Another source of embarrassment in measurements of the flow of very 
viscous materials should be mentioned. They often contain solid particles, 
filter shreds et cet which are accidentally present but which may greatly 
change the character of the flow through capillary tubes if not removed. The 
material studied in this paper contains particles which do not become dis- 
integrated as the temperature is raised. Similarly nitrocellulose is not 
completely soluble in acetone or other solvents, a residue remaining which 
partly settles out on standing. Also rubber is not completely soluble in 
benzene. The insoluble part will not pass through the capillary of the 
viscometer but it is veiy difficult to separate it by filtration. 

Conclusiosis 

1 . Varnish gums mixed with stearic acid, with or without mineral oil, show 
a sharp transition temperature between the viscous and plastic conditions. 

2. The fluidity-temperature curves of these materials are linear over the 
range studied. 

3. The addition of finely-powdered solid matter (talc) to these mixtures 
greatly lowers the temperature coefficient of fluidity without changing the 
transition temperature between the viscous and plastic condition. 

4. The transition temperature can be readily lowered by substituting 
mineral oil for part of the stearic acid. 

LofatfeUe CoUef/e, 

Batian^ Pa. 

Sept.Sr^Jm, 



THE ADSORPTION OF BINARY MIXTURES BY ANIMAL CHAR- 
COAL AND A COMPARATIVE STUDY OF THE ADSORPTIVE 
POWER OF DIFFERENT VARIETIES OF CHARCOAL 


BY N. A. YAJNIK AND TANA CHAND BANA 

The phenomenon of adsorption is of very great importance both from 
theoretical and practical points of view. It plays a great part in the domain 
of the organic world. Some of the most important industries are based upon 
this principle. On the theoretical side it presents various related phenomena 
for investigation but up till now very little work has been done on this inter- 
esting subject which undoubtedly deserves a greater amount of attention than 
has been hitherto shown to it and up 'till very recently the subject had been a 
neglected one. On consulting the literature, the latest work on the subject 
was by Nikili Schilaw and lA'di Ijopiii. Their work throws a flood of light on 
the nature of phenomenon itself and «)pens up many new lines for further 
investigations. One of the subjects studied by them is that of adsorption of 
mixtures, but, as they have restricted their work in detail to a few substances, 
it was considered ad visible to carry on further investigation on the subject and 
to see if it would be possible to find out whether the adsorption of mixtures 
follows any definite rule whether the restilts could l)e expressed by any stoichio- 
metric relations. 

I. Purified charcoal from Messrs Baker and CU)., Ix)i>don was used. 
It did not require any further heating for it did not contain any tarry matter; 
but it was subjected to the following ojHirations previous to its u.se in experi- 
ments. It was crushed very fine and put in a solution of HCl and HNO3 for 
five days after which it was washed free of acid with boiling distilled water. 
It was then dried tmd powdered, passed through a sieve to secure uniformity 
of the sise of particles, and then stored in corked bottles. The electroljies 
used were the chlorides of sodium, potassium, magnesium, lithum, barium and 
calcium; and KOH, NaOH, HCl, HNO,. (COOH,), Na*^,. 

Experiments were performed in small flasks which contained a known 
weight of charcoal (2 grams) in which 25 cc of a solution of known concentra- 
tion were introduced and left for 20 minutes. During this time the flasks were 
occasionally shaken. The amount adsorbed was determined by finding out 
the concentration of a solution after it was acted on by charcoal, the initial 
concentration of that solution being known. 

A number of preliminary experiments were performed to check the ad- 
B(»bing property of each new portion of charcoal that was used. Temperature 
and dQutUKi effects were also observed. It was found that the temperature 
effect is very nnall and is positive i.e. a very small increase of adsorption takes 
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place with a great increase in temperature. The effect of the change of con- 
centration is remarkable. At low concentrations the relative amount of ad- 
sorption is greater than at high concentrations. 

Preliminary Experiments 

(a) Control experiments. 

As a large number of experiments were i>erformed with animal charcoal 
the adsorl)ent property of each new portion that was prepared was controlled 
by a few experiments. They are shown in Table I. The solutions with their 
concentration are given in the first end column. In these and the following 
experiments Ci and C2 indicate the original and final concentrations, A the ad- 
sorbed amount and (A X ioo)/Ci is the ratio of the adsorbed amount to the 
original concentration of the solutions. 


Table I 


Solutions 
and cone. 


Cl 

C2 

A 

(AX 100) /C', 

HCl N/40 

(i) 

25.0 

16.50 

8.50 

34.0 

>1 

(2) 

25.0 

16.40 

8.60 

34.40 

>> 

(3) 

25,0 

16.30 

8.70 

34.80 

If 

(4) 

250 

16.45 

8.55 

34.20 

NaOH N/40 

(i) 

25.0 

14.00 

II .00 

44.00 

tf If 

(2) 

25.0 

i 3*95 

11.05 

44.20 

ft ft 

(3) 

25.0 

14.05 

10.95 

43.20 

ft ft 

(4) 

25.0 

14.10 

10.90 

43.60 


It can be seen from the above table that the adsorbed amounts in each 
experiment in both the cases are fairly constant. This shows that the charcoal 
must have undergone a similar treatment during the purification. Adsorption 
values obtained with each poilion of charcoal can be compared with a fair 
degree of accuracy. 

(b) Temperature effect. 

Before proceeding with the main work a large numl)er of experiments 
were performed in order to find out the effect of temperature and concentra- 
tion upon adsorption. Experiments were performed the same way as already 
mentioned with the same weight of charcoal unless otherwise stated and with 
the same time schedule. The solutions were maintained at constant tempera- 
ture in a thermostat. Experiments were performed at 25®, 50®, 7 5®, and at the 
temperature of boiling water which was 99.8° and they are given in Table II. 
Cl, C2, A, and (AXioo)/Cj have the same meaning as before. The solutions 
worked with and their concentrations are shown in the front column. 
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Table II 


Oxalic acid 

c, 

c* 

A 

(Ax ioo)/Ci 

2 N 


Temp. 25° 



25.00 

22 3 

2 . 70 

0 

00 

0 

N 

25,00 

19.15 

5.85 

23.40 

N /2 

25.00 

17 00 

8.00 

32 00 

N /4 

25.00 

16 25 

8.75 

35 00 

N /8 

25.00 

16 00 

9 00 

36.00 

2 N 


Temp. 50® 



25.00 

21 59 

3 .41 

13.64 

N 

25.00 

18.625 

6.375 

25 50 

N /2 

25.00 

16 25 

8-75 

35 00 

N /4 

25 .00 

15-75 

9.25 

37.00 

N /8 

25.00 

15.00 

10.00 

40.00 

2 N 


Temp. 75® 



25.00 

21 575 

3-425 

13 70 

N 

25.00 

18 25 

6-75 

27 00 

n/2 

25.00 

55 

8 6s 

34.60 

n /4 

25.00 

15.70 

8 30 

37 70 

N /8 

25.00 

IS 00 

10.00 

40 . 80 



Temp. 99.8® 



2 N 

25.00 

20.62 

438 

17.52 

N 

25.00 

17 78 

7 22 

28 88 

n/2 

25.00 

16 30 

8.70 

34-80 

n /4 

25.00 

15 50 

9.50 

38 00 

N /8 

25.00 

M 50 

10.50 

42 .00 

KOH 

C, 

c, 

A 

(AXioo)/C 

2 N 


Temp. 25® 



25.00 

21 20 

0 

oc 

14 20 

N 

25.00 

20 75 

4-25 

17 00 

N /2 

25.00 

19 50 

5 50 

22 00 

n /4 

25.00 

17 825 

7 175 

28 50 

N /8 

25.00 

9 25 

15 75 

63 00 

2 N 


Temp. 50® 



25,00 

20 . 225 

4.775 

10 10 

N 

25.00 

20 02 

4.98 

19.92 

n/2 

25.00 

18.75 

6 26 

24,00 

n /4 

25.00 

17.77 

7.23 

28.92 

N /8 

25.00 

8.25 

16.7s 

67 .00 



Temp. 75*^ 



2 N 

25.00 

20.04 

4.06 

19-84 

N 

25.00 

18.63 

6.36 

25.44 

n/2 

25.00 

15-98 

9 .02 

36.08 

n/4 

25.00 

15.35 

9-6s 

38.60 

N /8 

25.00 

8.75 

16.25 

65.10 



Temp. 99.8® 


19.60 

2 N 

25.00 

20 . 10 

4.90 

N 

25.00 

18.40 

6.60 

26.40 

N /2 

25.00 

15-33 

9.67 

38.68 

n/4 

25 .00 

15.23s 

9-765 

39.06 

N /8 

25 00 

8.64 

16.56 

66.25 


These results are for four grams of charcoal 
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On summarising the results obtained above at different temperatures we 
get:— 


Oxalic acid 

25“ 

50' 

75 ' 

99 - 8 ' 

2N 

10.80 

13-64 

13-70 

17-53 

N 

23.40 

25.50 

27 .00 

28.88 

N/2 

32.00 

35-00 

34-60 

34-80 

N /4 

35-00 

37-70 

37-70 

38.00 

N/8 

36.00 

40.00 

40.80 

42 .00 

KOH 

25" 

50® 

75 ' 

99 . 8 * 

2N 

14.20 

19.10 

19.84 

19.60 

N 

17.00 

19.92 

25-44 

26.40 

N/2 

22 .00 

25.00 

36-08 

38.68 

N /4 

28.50 

28.92 

38.60 

39-06 

N/8 

63 .00 

67.00 

65.10 

66.25 


Interpretation of Results 

It is seen from the column imder (AX 100) /Ci that this ratio for a sub- 
stance at one concentration and with different temperature does not vary very 
much on the whole and so the effect of temperature on the adsorbed amount is 
very small. If experiments are p)erformed at room temperature without a 
thermostat, no serious error is involved. These results are confirmed by the 
results of Schmidt and Freundlich. Similar conclusions have been arrived 
at by Walker and Appleyard. 

The increase of adsorption with increase in temperature, though very 
small, has been traced to the removal of air from hollow spaces within the 
body of charcoal and to the decrease in the solubility of air at high tempera- 
tures. 

(c) Concentration effect. 

For experimental work see Table II. 

Interpretation of results. It is also seen from the above tables that a 
substance is adsorbed relatively more at low concentrations than at high con- 
centrations. Comparison of numbers for one substance under (AX ioo)/Ci at 
one temperature with increasing dilution shows that this number increases 
but it may be observed that the absolute amount of adsorbed substance is 
more at high concentrations than at low concentrations. In other words the 
adsorbed amount is a direct function of the concentration. 

The relative increase of the adsorption with dilution is not to be ascribed 
to the increase in dissociation of an electrolyte in solution for non-dissociation 
of an electrolyte in solution for non-dissociating substances or non-electrolytes 
also behaved similarly. This may be due to the greater mobility of molecules 
in solution with decrease in concentration and hence to the greater number of 
contacts to which a charcoal particle is subjected. 

Actual Experiments 

Adaorption of single substances. 

Before the effect of a foreign substance on the adsorption of another siil>- 
stance can be found out, the adsorption of the former when alone should be 
tried first and so the following experiments have been devoted to the adscu|H 
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tion of pure substances. The method of these experiments is the same as 
already described except that they were performed at room temperature with- 
out a thermostat. Weight of charcoal used in each experiment was two grams 
and the time was twenty minutes. 

Table III 


Solutions Cl Cj A (AXioo)/Ci 

and cone. 


HCl 

N/io 

25.00 

18.05 

0 

ir*. 

00 

27.50 


N/20 

25.00 

17- so 

7-50 

30.00 


N/40 

25 00 

16 so 

8. so 

34.00 

H*S04 

N/io 

25.00 

16.38 

8.62 

34.50 


N/20 

25 00 

15-25 

9-75 

39.00 

yf 

N/40 

25.00 

13 • SO 

11.50 

46.00 

HNOa 

N/io 

25.00 

16.7s 

8 2S 

33.00 

y f 

N/20 

25.00 

15-25 

9-75 

39.00 


N/40 

25.00 

12 45 

12-55 

50.2 

(COOH)s 

N/io 

25.00 

9 8s 

15-15 

60.6 


N/20 

25.00 

7 95 

17-OS 

68.2 


N/40 

25.00 

5-0 

20.0 

80.0 

NaaCOa 

N/io 

25 .00 

18.2s 

6.75 

27.00 


N/20 

25.00 

16 75 

8.2s 

33-00 


N/40 

25.00 

1 5 - so 

9-5 

38.0 

NaOH 

N/io 

25.00 

15 50 

9-50 

38.00 

yi 

N/20 

25 00 

14-50 

10.50 

42.00 

>> 

N/40 

25.00 

14 10 

lO.QO 

43 60 

KOH 

N/io 

25 .00 

13375 

11.625 

46 . so 


N/20 

25.00 

13.00 

12.00 

48.00 

fJ 

N/40 

25.00 

1 1 .00 

14.00 

56.00 

K(^l 

N/s 

25.00 

23 43 

1.57 

'6.28 


N/20 

25.00 

23.19 

I. 81 

7.24 

yy 

N/40 

25.00 

22. Q4 

2.06 

8.24 

NaCl 

N/2 

25.00 

23.575 

1.425 

5.70 

yy 

N/s 

25.00 

23.50 

1.50 

6.00 

yy 

N/20 

25,00 

23 . 50 

I 50 

6.00 

yy 

N/40 

25.00 

23.40 

I .60 

6.40 

Mgds 

N/s 

25,00 

24.30 

0. 70 

2.80 

yy 

N/io 

25.00 

24. 18 

0.82 

3.20 

yy 

N/20 

25.00 

23-875 

I . T 25 

4-50 

yy 

N/40 

25.00 

23-50 

1.50 

6.00 

LiCl 

N/s 

25.00 

24.12s 

0875 

3.30 

yy 

N/io 

25.00 

24.06 

0.94 

3.76 

yy 

N/20 

25.00 

23-875 

I. 125 

4.50 

yy 

N/40 

25.00 

23-75 

1.25 

5.00 

SrClj 

N/s 

25.00 

23-35 

I .65 

6.60 

yy 

N/20 

25.00 

23.10 

I . 90 

7.60 

yy 

N/40 

25.00 

23 -os 

1-95 

7 . 80 

CaOh 

N/s 

25.00 

23-875 

1.125 

4.50 

yy 

N/20 

25.00 

23-50 

1.50 

6.00 

t ) 

N/40 

25.00 

22.75 

2.25 

9.00 


Inteipretation of Results 

The effect of dilution in the above results is remarkable. The relative 
adsorption increases with fall in concentration. With some exceptions the 
sequence of the atomic weight has a noticeable effect on the adsorption. 
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Adsorption of mixtures. 

Mixtures of the above electrol3rtes have been made use of in the deter- 
mination of the effect of one electrolyte on another. The method of experi- 
ments is similar to that in the previous cases but with some modifications. 
This will be clear from the following example: — 

25CC of a mixture of N/20 HCl and N/20 LiCl were prepared by mixing 
12.5CC of N/io HCl and 12. see of N/io LiCl. Solutions at other concentra- 
tions were prepared in like manner. 

The representation of results is a little more complicated. Under C2 there 
are two columns, (a) represents end concentrations when a substance before 
which a value in the tables is put, is acted upon by charcoal when alone; i.e. 
in a pure condition, (b) when mixed with other substances. The meaning of 
two columns under each of the two heads (A) and (AX ioo)/Ci is to be inter- 
preted similarly. D represents the difference between the two columns under 
(AXioo)/Ci. It shows the direction and amount of change which the pres- 
ence of a foreign substance has effected on the adsorption of another substance. 
The method of work is quite the same as in former cases. Estimations of the 
solutions were made when they were neutral. 

Table IV 





KCl 

. G 


25 *< 

DOCC, 





Solutions 



c, 



A 




(Ax 

: 1 00) /Cl 

D 

and Cone. 

(a) 

(b) 

(a) 

(b) 

(a) 

(b) 



Sept. 

Toget. 

Sept. 

Toget. 

Sept. 

Together 


N/20KCI 

23 

19 

23 

00 

I 

81 

2 . 

00 

7 

.24 

8.00 

+0.76 

+N/2oHa 

17 

50 

18 

25 

7 

50 

6 

75 

30 

.00 

27 .00 

— 3 .00 

N/2oKa 

23 

19 

22 

88 

I 

81 

2 

12 

7 

.24 

8.48 

+ 1 - 24 

+N/40HC1 

16 

50 

17 

00 

8 

50 

8 

00 

42 

.00 

42 .00 

— 2.60 

N/20 KCl 

23 

19 

24 

25 

I 

81 

0 

75 

7 

.24 

3.00 

- 4-24 

+N/20H2SO4 

15 

25 

17 

50 

9 

75 

7 

50 

39 

.00 

30.00 

— 9.00 

N/20 KCl 

23 

19 

23 

25 

I 

81 

I 

75 

7 

.24 

7 .00 

— 0.24 

+N/4oH2SO« 

13 

50 

14 

50 

II 

50 

10 

50 

46 

.00 

42 .00 

— 0.20 

N/20 KCl 

23 

19 

23 

60 

I 

81 

I 

40 

7 

.24 

5.60 

— 1.64 

+N/2oHN0a 

15 

25 

14 

12 

9 

75 

10 

88 

39 

.00 

43-52 

+ 45 * 

N/20 KCl 

23 

19 

23 

60 

I 

81 

I 

40 

7 

.24 

5.60 

‘—1.64 

+N/40 HNO, 

12 

45 

II 

50 

12 

55 

II 

50 

10 

.20 

46.00 

— 4.20 

N/20 KCl 

23 

19 

22 

50 

I 

81 

2 

75 

7 

.24 

II .00 

+3 76 

+ N/2o(COOH)2 

7 

95 

8 

61 

17 

05 

16 

39 

68 

.20 

6s 56 

- 2-54 

N/20 KCl 

23 

19 

22 

00 

I 

81 

3 

00 

7 

.24 

12 .00 

+ 476 

+N/4o(COOH)2 

5 

00 

8. 

25 

20 

00 

16 

75 

80 

.00 

67.00 

— 13 .00 

N/20 KCl 

23 

X 9 

22 . 

75 

I 

81 

2 

25 

7 

.24 

9.00 

+ 1.76 

+N/ 2 o(K 0 H) 

13 

00 

14. 

75 

12 . 

00 

10 

25 

48 

.00 

41 .00 

— 7.00 

N/20 KCl 

23 

X 9 

21 . 

75 

I , 

81 

3 

25 

7 

24 

12 .90 

+ 5 

+N/40 KOH 

II 

00 

13 * 

25 

14. 

00 

II 

75 

54 

,oa 

47.00 

— 7.00 

N/20 KCl 

23 

X 9 

23 - 

25 

I , 

81 

X 

75 

7 

24 

7.00 

— 0.24 

+N/2oNa2COs 

16 

75 

18. 

38 

8. 

25 

6 

62 

33 

00 

26.48 

— 6.52 

N/20 KCl 

23 

IQ 

22 . 

75 

I . 

81 

2 

25 

7 

24 

9.00 

— 1.76 

+N/40 Na*CO, 

15 

50 

17 - 

25 

9. 

50 

7 

75 

38 

.00 

31.00 

— 7.00 

N/ao KCl 

23 

X 9 

22 . 

00 

I , 

81 

3 

00 

7 

24 

12 .00 

+4-76 

+N/20 NaOH 

14 

5 

19. 

21 

10. 

50 

6 

79 

42 

00 

23.06 

-8.94 

N/20 KCl, 

23 

19 

21 . 

00 

I . 

81 

4 

00 

7 

24 

16.00 

+8.76 

+N/40 NaOH 

14 

10 

X 7 - 

75 

10, 

90 

7 

25 

43 

60 

29.00 

— 14.60 
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Table V 





NaCl 

Cl 

= 25 

oocc 







Solutions 


( 

2 




A 



(Ax 

1 00) /Cl 

D 

and cone. 

(a) 

lb) 


(Si) 


(b) 

(a) 

(b) 




Sept. 

Toget 

Sc 

pt. 

Toget. 

Sc^pt. 

Toget. 



N/20 NaCl 

23 

•50 

23 

•75 

I 

•SO 

I 

•25 

6 

.00 

5 

.00 

~ i 

.00 

+N/20 HCl 

17 

50 

16 

•75 

7 

•50 

8 

25 

30 

.00 

33 

00 

+3 

.00 

N/20 NaCI 

23 

•50 

23 

•50 

I 

50 

1 

•SO 

6 

00 

6 

00 

0 

00 

+N/40 HCl 

16 

.5 

15 

•50 

8 

50 

9 

•50 

34 

.00 

38 

.00 

+ 4 

.00 

N/20 Nad 

23 

•SO 

24 

25 

I 

•50 

0 

•75 

6 

.00 

3 

.00 

“3 

.00 

+N/20H2SO4 

15 

•25 

17 

75 

9 

.75 

7 

25 

39 

.00 

29 

.00 

— 10 

.00 

N/2oNaCl 

23 

•50 

23 

75 

I 

50 

I 

25 

6 

00 

5 

00 

— I 

.00 

+N/ 4 oHjS 04 


50 

17 

•50 

1 1 

•50 

7 

50 

46 

00 

30 

00 

— 16 

00 

N/20 NaCT 

23 

50 

23 

50 

I 

50 

I 

50 

6 

00 

6 

.00 

0 

.00 

+N/20HNO., 

15 

•25 

15 

75 

9 

•75 

9 

25 

39 

.00 

37 

00 

— 2 

.00 

N/20 NaCl 

23 

•50 

23 

50 

1 

50 

I 

50 

6 

.00 

6 

00 

0 

.00 

+N/40HNO, 

12 

45 

13 

55 

12 

55 

II 

•45 

50 

.00 

45 

80 

-4 

. 20 

N/20 NaCl 

23 

50 

23 

75 

T 

50 

I 

25 

6 

00 

5 

00 

— I 

00 

+N/ 20 (C 00 H )2 

7 

95 

12 

50 

17 

05 

12 

50 

68 

20 

50 

00 

-18 

20 

N/2oNaCl 

23 

50 

23 

•50 

I 

50 

I 

50 

6 

00 

6 

00 

0 

.00 

+N/4o(COOH)2 

5 

00 

1 1 

50 

20 

00 

^3 

50 

80 

00 

54 

.00 

-26 

00 

N/20 Na('l 

23 

50 

23 

45 

I 

50 

I 

55 

6 

00 

6 

20 

+0 

20 

+N/20 KOH 

13 

00 

U 

25 

12 

00 

10 

75 

48 

00 

43 

.00 

-5 

00 

N/20 NaCl 

23 

-50 

2 1 

• 50 

I 

-50 

3 

50 

6 

.00 

14 

00 

+ 8 

00 

+N 20KOH 

1 1 

00 

T 3 

00 

U 

00 

1 2 

00 

54 

00 

48 

00 

-6 

00 

N/20 Na(U 

23 

50 

23 

75 

1 

50 

I 

25 

6 

00 

5 

00 

— I 

.00 

+ N, 2oNa2C'03 

16 

75 

19 

25 

8 

25 

5 

75 

33 

00 

23 

00 

— 10 

00 

N/20 Na( '1 

23 

50 

2 I 

00 

i 

50 

4 

00 

6 

00 

16 

00 

+ 10 

.00 

+ N 4 oNa 5 ('()a 

15 

•50 

17 

50 

9 

50 

7 

50 

38 

00 

30 

00 

-8 

.00 

N/20 NaCl 

23 

50 

23 

00 

1 

50 

2 

00 

6 

.00 

8 

00 

+ 2 

00 

+N, 20 NaOH 

M 

•50 

19 

25 

10 

50 

5 

75 

42 

00 

23 

00 

— ig 

00 

N/20 NaCl 

23 

•50 

22 

75 

I 

•50 

2 

•25 

6 

00 

9 

.00 

+ 3 

.00 

+N '40 NaOH 

14 

10 

18 

00 

10 

go 

7 

.00 

43 

.60 

28 

00 

-15 

60 





Tabi.I! 

: VI 












MgCls 


= 25, 

oocc 







Solutions 







A 


( 

A X looW^'i 

D 

and cone. 

(a) 

(l)> 


(a^ 

(b) 

(a) 

(b^ 




Sopt. 

Togot. 

Sept. 

Toget. 

Sept . 

Toget 



N/20 MgC'lj 

23 

875 

23 

75 

I 

125 

I 

25 

4 

•50 

5 

.00 


00 

+N/20 HCl 

17 

500 

17 

SO 

7 

500 

7 

50 

30 

00 

30 

00 

0 

00 

N/20 MgCls 

23 

875 

23 

50 

i 

125 

I 

50 

4 

50 

6 

00 

+ i 

50 

+N/20 HCl 

16 

500 

16 

50 

8 

520 

8 

50 

34 

00 

34 

00 

0 

00 

N/20 MgCls 

23 

875 

23 

50 

I 

125 

I 

50 

4.50 

6 

00 

+ i 

SO 

+ N/ 20 HsS 04 

15 

25 

i8 

50 

9 

750 

6 

50 

39 

00 

26 

00 

-13 

00 

N/20 MgCls 

23 

870 

23 

25 

I 

125 

I 

75 

4 

50 

7 

00 

+ 2 

50 

+N/40HSSO4 

13 

500 

15 

50 

1 1 

50 

9 

50 

46 

00 

38 

00 

-8. 

00 

N/20 MgCls 

23 

875 

24 

25 

I 

125 

0 

75 

4 

50 

3 - 

00 

— I 

50 

+N/20HNO, 

15 

25 

16 

25 

9 

75 

8. 

75 

39 

00 

34 

00 

“• 5 - 

00 

N/20 MgCl, 

23 * 

87 s 

24 

00 

I 

125 

I 

00 

4 - 

50 

4 - 

00 

— 0. 

SO 

+N/40HNO3 

12 

450 

15 

00 

12 

550 

9 

00 

50 

20 

36. 

00 

-“14. 

20 

N/20 M^ls 

23 ‘ 

87s 

23 

75 

I 

12$ 

I 

25 

4. 

50 

5 - 

00 

+0. 

SO 

+N/2o(COOH), 

7. 

950 

14 

25 

17 * 

OS 

10. 

75 

68. 

20 

43 - 

00 

-25. 

20 

N/ 20 MgCls 

23 - 

87s 

23 - 

50 

I 

125 

I . 

50 

4 - 

50 

6. 

00 

+ i . 

SO 

+N/ 4 o(C 00 H), 

5 - 

000 

12 . 

00 

20. 

000 

13 - 

00 

80. 

00 

52. 

00 

-28. 

00 
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Table 

VII 











LiCl 

Cis»25.00CC 






Solutions 


C 




A 


(AX 100) /Cl 

D 

and cone. 


(a) 

(b) 


(a) 

(b) 

(a) 

(b) 




Sept. 

Toget. 

Sept. 

Toget. 

Sept. 

Toget. 



N/20 LiCl 

23 

■875 



1 

125 



450 





+N/20HCI 

17 

500 

18 

25 

I 

500 

6 

•75 

30.00 

27 

.00 

-3 

.00 

N/20 LiCl 

23 

87s 

24 

00 

I 

125 

I 

00 

450 

4 

.00 

— 0 

•so 

+N/40HCI 

16 

500 

17 

00 

8 

500 

8 

00 

34.00 

32 

.00 

— 2 

00 

N/20 LiCl 

23 

87s 

24 

00 

I . 

25 

I 

00 

450 

4 

.00 

— 0 

SO 

-f-N/ 20 H2S04 

IS 

250 

19 

25 

9 

75 

5 

75 

39.00 

23 

.00 

— 16 

00 

N/20 LiCl 

23 

87s 

24 

00 

I 

125 

I 

00 

4 S 0 

4 

.00 

— 0 

SO 

+N/40 H4SO4 

13 

so 

18 

SO 

II 

SO 

6 

50 

46.00 

26 

.00 

— 20 

SO 

N/20 LiCl 

23 

87s 

23 

75 

I 

125 

I 

25 

450 

5 

00 

+0 

SO 

+N/20 HNOj 

15 

250 

14 

00 

9 

750 

II 

00 

39.00 

44 

00 

+ 5 

00 

N/20 LiCl 

23 

87s 

23 

50 

I 

125 

I 

SO 

4.50 

6 

00 

+ i 

SO 

+N/40HNO, 

12 

4 SO 

13 

2S 

12 

550 

II 

75 

50.20 

47 

00 

— 2 . 

80 

N/20 LiCl 

23 

87s 

23 

75 

I 

725 

I 

25 

450 

5 

00 

+0. 

SO 

+N/2o(COOH), 

7 

9 SO 

17 

25 

17 

050 

7 - 

75 

68.20 

31 

.00 

- 37 ‘ 

20 

N/20 LiCl 

23 

87s 

23 

750 

I . 

125 

I . 

25 

4.50 

5 

00 

+0. 

SO 

+N/4o(COOH)s 

5 

000 

IS* 

25 

20. 

00 

8. 

75 

80.00 

35 - 

00 

-45- 

00 




Table VIII 






SrCU 

Ci=25.00CC 




Solutions 

C2 



A 

(AX 100) /Cl 

D 

and cone. 

(a) 

(b) 

(a) 

(b) 

(a) 

(b) 



Sept. 

Toget. 

Sept. 

Toget. 

Sept. 

Toget. 


N/20 SrCU 

23.10 

22.00 

1.90 

3.00 

7.60 

12 .00 

+4.40 

H-N/ 20 HC 1 

17.50 

17-25 

7-50 

7-75 

30.00 

3100 

+ 1.00 

N/20 SrCl, 

23.10 

21.50 

1.90 

3-50 

7.60 

14.00 

+6.40 

+N/40HCI 

16.50 

15.00 

8.50 

9.00 

34.00 

36.00 

+2 .00 

N/20 SrCU 

23 .10 

22.50 

1 .90 

2.50 

7.60 

10.00 

+2.40 

+N/20 HNOs 

15.25 

14.25 

9 7 S 

10.75 

39.00 

43.00 

+4-00 

N/20 SrCl 

23.10 

21.50 

1.90 

3-50 

7.60 

14.00 

+6.39 

+N/40HNO, 

12.45 

12.00 

12 SS 

13 00 

50.20 

52 .00 

+2 .00 




Table IX 







CaCl, 

Ci*25.00CC 




Solutions 

Q 

r 


A 

(AXioo)/Ci 

D 

and cone. 

Sept. 

(b) 

Toget. 

Sept. 

(t>) 

Toget. 

Sept. 



N/20 CaCl, 

23 SO 

23.00 

i-SO 

2 .00 

6.00 

8.00 

+2.00 

+N/20HNO, 

iS -25 

1 S -30 

9 - 7 S 

9.70 

39*00 

38.80 

—o.ao 

N/2oCaClt 

23 SO 

22.85 

I SO 

2.25 

6.00 

9.00 

+3 00 

+N/40HNO, 

12.4s 

12-95 

12-55 

12.15 

$ 0.20 

48.60 

— 1.62 
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Table X 






Mixtures of KCl and NaCl 




Solution 

c, 

A 


(AX 100) /C, 

D 

and cone. 

(a) (b) 

(a) 

(b) 

(a) 

(b) 



Sept. Toget. 

Sept. 

Toget. 

Sept. 

Toget. 


N/20 NaCl 

23 SO 

1*50 


6.00 



+N/20KCI 

23.19 23.20 

1. 81 

1 .80 

7.24 

7.20 

— 6.04 

N/20 NaCl 

23.500 22.275 

I SO 


6.00 



+N/40 KCl 

22.94 

2 .06 

2.725 

8.24 

10.900 

“ 3-34 

N/40 NaCl 

23.40 

1 .60 


6.40 



+N/20 KCl 

23.19 22.86 

1. 81 

2.14 

7.24 

8.56 

00 

0 

1 

N/40 NaCl 

23.40 22.80 

1 .60 

2 .20 

6.40 

8.80 


+N/40 KCl 

22.94 

2 .06 


8.24 


-584 


Interpretation of Results 





Adsorption of a binary mixture is not completely additive. It is not the 
sura of the adsorption of the constituents of a mixture. It cannot be, for each 
effects a change in the adsorption of the other. The presence of a foreign 
substance may increase or decrease the adsorption of a substance and some- 
times it has no effect and the value of the latter remains the same. If one of 
the substances of a mixture is adsorbed strongly, it takes place at the cost of 
the other. The second substance is said to be poisoned in technical language. 
This phenomenon is of importance in the manufacture of sulphuric acid by 
the contact process for the adsorbability of platinum is decreased in the pres- 
ence of arsenic or its compounds and the platinum is said to be poisoned. In 
view of the present investigation this cannot be attributed to a special propt^rty 
of arsenic alone for other substances also behaved similarly. On the other 
hand, there may be substances which increase the adsorbability of platinum 
and investigations in this direction are worth trying for. This phenomenon is 
called by Michael Lach* and by Schmidt^ the displacement principle and it 
follows no general law. 

A few deductions that are possible from the above experiments may l>e 
sununarized as follows. 

If an increase or decrease of adsorption of two substances in a mixture 
takes place at one concentration then at a lower concentration the effect is 
much more in the same direction. For instance in a mixture of KCl and HCl 
an increase in adsorption of KCl is observed at both concentrations of HCl 
but the effect is much more at the lower concentration of HCl. In this partic- 
ular case the change takes place in the positive direction; but there are cases 
where a decrease takes place and this follows the same law. 

Both substances in a binary mixture are practically independent of the 
influence of one another. Such a phenomenon is observed in certain cases. 
This result is important for it throws some light over the nature of adsorption 
phenomenon itself. Adsorption is independent of the degree of dissociation of 
a substance. 


^ Kapillarchemie, p. 184. 

phystk. Ohem. 74 , 689, (1910). 
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Both substances exert a mutual effect over one another corresponding to 
the ‘^displacement principle’'. Many cases are seen where adsorption is lower. 
In a mixture of KCl and HNO3 a decrease in adsorption takes place and the 
same effect can be found in case of other substancc^s also. 

Adsorbability of a substance is increased in the presence of a foreign body. 
It is interesting to find out that in a mixture with one ion common adsorption 
of one is increased at the cost of the other. The adsorption of KCl for in- 
stance is increased in presence of HCl. 

How and why a particular change in a particular direction takes place 
cannot at present be answei’ed. No generalisation regarding the behaviour of 
a substance in presence of another foreign substance can be made as far as 
adsorption is concerned. It is claimed by some that complex ion formation 
takes place when adsorption of a substance in a binar}’^ mixture is lowered, but 
no confirmation to it comes from other authors. 

Experiments with Three Different Kinds of Wood Charcoal 

The second part of the work was performed with wood charcoal. Char- 
coal was obtained from Tali, acacia, and mulberry wood. Methods of prepar- 
ation and purification of charcoal are the same as in the case of animal char- 
coal with the difference that wood charcoal was prepared by burning wood in a 
small furnace in the laboratory. 

Each experiment was carried on in the same way as before by bringing a 
solution of known concentration (N/40) in contact with two grams of char- 
coal and left for twenty minutes. After this time the solution was separated 
from the charcoal and its concentration was estimated by means of a standard 
silver nitrate solution. The adsorbed amount was found by subtracting the 
final concentration from the initial one. It was found that mulberry charcoal 
was best of the three kinds of charcoals examined. 

Solutions 

They were prepared in the same way as before N/40 concentration solu- 
tions were throughout used. 

In this case also the method of representation is the same as in previous 
cases. Cl and C2 denote the initial and final concentration (AXioo)/Ci and 
A have the same meaning as before. The results obtained with different 
charcoals can be compared from the following tables. 


Table XI 
Tali Wood Charcoal 


Solutions 

Cl 

c. 

A 

(Axioo)/Ci 

HNO, 

25.00 

0 

00 

M 

6-75 

27 .00 

HjS04 

25.00 

20.80 

4.20 

16.80 

HCl 

25.00 

^955 

5-45 

21 .80 

KOH 

25.00 

18.40 

6.60 

26.40 

NaOH 

25.00 

i8 . 20 

6.80 

27 . 20 

Na,CO, 

25.00 

20.35 

4.625 

18.50 

NaCl 

25.00 

22 .60 

2 .40 

9.60 

Ka 

25.00 

22.50 

2.50 

10.00 

MgCl* 

25.00 

24.15 

0.85 

3*40 

liCl* 

25.00 

2325 

1*75 

6.00 

SrCl, 

25.00 

23 15 

1.85 

7.40 
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Table XII 


Acacia Wood Charcoal 


Solutions 

Cl 

c. 

A 

(AX 100) /C, 

HCl 

25.00 

IQ 

20 

6.00 

24.00 

HsSO* 

25.00 

19. 

20 

5.80 

23.20 

HNO, 

25.00 

18 

75 

6.25 

25.00 

COOH 

25.00 

4 

25 

20.75 

83 .00 

NaCl 

25.00 

23 

.40 

1 .60 

6.40 

KCl 

25.00 

23 

15 

1.85 

7.40 

SrCU 

25 .00 

23 

•45 

1-45 

5.60 

CaCl* 

25.00 

20 

85 

4 15 

15.60 

MgCl, 

25 00 

23 

60 

1 .40 

5 40 

LiCl 

25.00 

24 

125 

0-875 

4 375 

CaCli 

25.00 

23 

000 

2 .000 

8 .000 


Table XIII 

Mulberry Wootl Charcoal 


Solutions 


('2 

A 

(AXioo)/C 

HCl 

25.00 

18.75 

6.25 

25 00 

H*S 04 

25 00 

19.625 

5-375 

21.50 

HNO» 

25.00 

17.250 

7-750 

38.75 

CH,COOH 

25.00 

16.75 

8.25 

41.25 

KOH 

25 00 

17 875 

7 125 

28 50 

NaOH 

25.00 

18.875 

6.125 

24-50 

Na*CO, 

25,00 

17 . 10 

7.90 

31 .60 

KCl 

25.00 

22.00 

3 00 

12.00 

NaCl 

25.00 

23 .00 

2 00 

8 .00 

MgCl* 

25.00 

23 70 

I 30 

5.20 

LiCl 

25.00 

23 -375 

I .625 

6.50 

SrCl* 

25 00 

23 25 

1-75 

7 .00 


Table XIV 

Comparative Results of Adsorption Power of ('harcoal of Tali, Acacia, Mul- 
berry, and Animal ('harcoal 


Solutions 

Acacia 

Tali 

]Mull>erry 

Animal 

pliarpon.] 

HCl 

24.00 

21.80 

25.00 

1. UCI»K. V 

34.00 

H,S 04 

23.20 

16.80 

21.50 

46.00 

HNO, 

25.00 

27 00 

38.75 

50 . 20 

(COOH), 

83.00 

20.00 

CH,C(X)H 


41-25 


NaOH 


27 . 20 

24.50 

43.60 

KOH 


26.40 

28 . 50 

56.00 

Na,CO, 


18.50 

31 .60 

38.00 

NaCl 

6.40 

9.60 

8 00 

6.40 

KQ 

7.40 

10.00 

12.00 

8.24 

MgCl, 

LiCl 

5-40 

4-375 

b 

0 0 

5.20 

6.50 

6.00 

5 00 

CaCl, 

15.60 

13 -40 


9,00 

SrCl, 

S-8o 

7.40 

7 .00 

7.80 
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Interpretation of Results 

1 . Adsorption power varies with the nature of substance. It also varies 
with different charcoals. 

2. On the whole mulberry charcoal appears to be the best of the tiuee 
so far as regards adsorption is concerned. 

Conclusions 

They may be summarised briefly as follows: — 

1. Temperature has very little effect on adsorption of a substance by 
charcoal. Increase of temperature produces an increase in adsorption. 

2. With an increase in dilution of a substance in solution, the relative 
adsorption amount increases, but at higher concentration the absolute amount 
of adsorption is greater than at lower concentration. 

3. Adsorption depends to some extent upon the chemical nature of a 
substance. NaCl, KCl, LiCl, MgCU all belonging to the same group in the 
periodic table possess lower adsorption values than SrClj or CaCU. 

4. In adsorption of binary mixtures three things may be observed: — 

(a) Presence of a foreign substance may have no effect on the adsorption 
of another substance and so adsorption depends very little on ionization of a 
substance. 

(b) A substance may be adsorbed less in presence of another substance, 
than it would be if it were alone in solution. In other words adsorbent may be 
poisoned with regard to one substance by the presence of another substance. 

(c) Adsorption of a substance may be increased in the presence of anoth- 
er substance or of one may be increased at the cost of the other. 

5. Adsorption of mixtures follows no general rules and so the effect of 
one substance over the adsorbability can not be predicted. 

6 . Adsorption of wood charcoal approximates or even exceeds to that 
of animal charcoal when the former has undergone a heat treatment. 

7. With some exceptions the adsorption numbers with different charcoal 
can be arranged in the same order. This shows that adsorption also depends 
upon the chemical properties of a substance. 

8. The different kinds of charcoal have different adsorption power. 
Mulberry charcoal adsorbs more than that from Tali or acacia. 

Chemiitry Dep^menl. 

Forman Chritltan College 

Lahore 



THE PHOTOCHEMK^AL PROPERTIES OF CUPROUS OXIDE 


BY ALLEN GARRISON* 

In a report^ entitled *The Behavior of Cuprous Oxide Photo-voltaic 
Cells^^ the changes in potential of various cuprous oxide electrodes when 
illuminated were explained by the assumption that the oxide becomes more 
soluble to an extent which is proportional to the intensity of illumination. A 
number of determinations of normal electrode potentials and photo-potentials 
led to this conclusion but in view of the fact that this postulates a distinctly 
new type of photo-chemical reaction a careful investigation of the case has 
been made by the conductivity method to obtain evidence from a source other 
than that of electromotive force measurements. 

The Experimental Procedure 

The purpose of this investigation was to determine whether or not a sys- 
tem consisting of pure water saturated with cuprous oxide would have its 
conductivity increased on illumination as the theory apparently demands. 
The solubility of cuprous oxide was found to 1 k" approximately moles 
per liter. In order, therefore, to make an observation of a photo-chemically 
induced change in conductivity of such a system a finely divided suspension of 
the oxide in pure wat^r was prepared of density suflScient to permit the light 
to penetrate several centimeters of the liquid. 

Water was purified by triple distillation, first from an alkaline permanga- 
nate, second from dilute sulfuric acid and finally from very dilute potassium 
hydroxide. The still and receiver were of Pyrex glass and the condenser of 
block tin. Water thus prepared had a conductivity of 1.05 X 10 reciprocal 
ohms. 

C. P. powdered cuprous oxide was washed with the conductivity water a 
large number of times until the suspension gave constant conductivity at 25®. 

^ A Pyrex glass cell having platinized electrodes was prepared for the con- 
ductivity measurements. The platinum wires were flattened into a ribbon and 
the edges sharpened before they were sealed into the glass thus providing a 
water tight seal without the use of any substance in the cell other than Pyrex 
glass and platinum. The lower part of the cell consisted of a bulb, containing 
the vertical electrodes, and a large tube in the form of a ring leading from the 
top to the bottom of the bulb. A glass vane driven by a small motor was 
placed in this tube so that the suspension could be circulated through the bulb 
between the electrodes. The cell was placed in a thermostat and kept at 25® 
while measurements were being made. The thermostat was also glass ena- 
bling the cell to be illuminated by a beam of white light from a 500 candle 

* National Research Fellow in Chemistry. 

^ J. Phys. Chem. 27 , 6oi (1923) 
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power tungsten lamp. Measurements of conductivity were made with a high- 
grade Wheatstone bridge of standard make having variable air condensers for 
balancing the cell capacity. 

The conductivities of the suspensions varied from 4.40X10“’^ to 6.65X 
10“*^ reciprocal ohms, giving for the conductivity of the oxide 3.35X10*"^ to 
5.60X If the mobility of the cuprous ion is taken to be the same as that 
of the cupric ion this would give for the solubility of the oxide 1.5 X 10""® to 
2.5 X 10 moles per liter. These values are large compared to those obtained 
by electrode potential methods, due probably to the presence of cupric ions 
formed either by electrolytic equilibrium or atmospheric oxidation. 

The Results of illuminating the Cuprous Oxide Suspensions 

Within the range of sensitivity of the bridge, i part in 5000, no change in 
the conductivity of the cuprous oxide suspensions could be observed in white 
light of approximately sun light intensity. This is apparently contrary to the 
theory under discussion since the effects observed on the electrode potentials 
would demand an observable change in conductivity. The conditions are not 
strictly comparable, however, liecause the electrodes used in the previous in- 
vestigation were copper coated with a thin layer of cuprous oxide. The pres- 
ence of the copper is apparently important. Its influence on the solubility of 
the oxide is probably negligible but, in view of the fact that the amount of sub- 
stance in solution is small and the area of the finely divided particles large, an 
induced photo-potential could not be neglected due to the electrostatic attrac- 
tion of the particles and the removal of ions in the formation of the electro- 
lytic double layers. It was found that the density of the layer of oxide which 
determined the amount of metallic copper in contact with the electrol3d:e had 
a marked influence on the photo-potential of the electrode. 

The Influence of the Amount of Copper on the Photo-Potential 

Table I gives results which were discovered in a qualitative way in the 
previous work. 


Table I 

The Influence of the Density of the Oxide Layer on the Nonnal Potential 
and the Photo-Potential of the Copper Electrode 


(x) 

( 2 ) 

Time 

(3) 

(4) 

(5) 

(6) 

No. 

coated 

Ecu4* 

dE 

dEs^ 

Eh+ 

z 

S sec. 

-0.156 

+ 

+0.050 

-0.831 

2 

30 


+ 

+0.004 

—0.831 

3 

60 

-0,144 

— 0.021 

— 0.001 

—0.832 

4 

130 

— 0. 112 

— 0.024 

—0.023 

—0.831 

5 

5 min. 

—0. no 

-0.065 

—0.040 

-0.831 

6 

Repeatedly. 

— 0.102 

— 0.200 

—0.070 

—0.832 
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Six copper electrodes indicated by the numbers in column i, were coated 
with different densities of cuprous oxide by placing for a short time in a dilute 
solution of cupric chloride and completely hydrolyzing the resultant layer of 
cuprous chloride in running distilled water. The density of the resultant 
oxide depended on the time of forming the chloride as indicated in column 2. 

The electrodes were then placed in o.iN K2S()4 solution and the potential 
of each in the dark compared to that of a o.iN calomel electrode. These 
values are recorded in column 3. The electrodes were increasingly positive 
in the order of increasing density of cuprous oxide deposit. The hydrogen ion 
concentration in the K2SO4 solution was measured by a platinized gold elec- 
trode saturated with hj^drogen gas at atmospheric pressure*. Its potential 
was constant to 0.001 volt for all the* determinations as shown in column 6. 
From the simple mass law^ reflations there was thus at equilibrium a constant 
concentration of cuprenis ions in the vicinity of e*achedectrode. From the relation 


K=eci' + 


RT, (Cu+) 

log-^ ^ 

nF (Cu) 


it is evidemt that the* variations in E in eeJumn 3 are due to a variation in the 
''concentration^’ of the metallic copper in contact with the ele*ctrolyte. As the 
oxide coating was thickened the underlying copper became isolated from the 
solution and its active concentration diminished. As proe)f of this, electrodes 
5 and 6 were scratched witli a large numlx'r of fim* lines to expose the under- 
lying copper and their normal potentials reduced almost to those of Nos. i and 
2. This affords experimental evidence for the assumption of “diluted copper” 
made in the previous investigation and based on different considerations. 

The initial changes in potential induced by white light are recorded in 
column 4 and the change after 5 minutes exposure to the light in column 5. 
The important thing in this connection is the fact that the diminution in the 
amount of copper is accompanied by a large negative photo-potential. 

The particles of cuprous oxide used in the conductivity measurements 
contained an infinitely small amount of metallic copper. Each particle acting 
as an electrode would develop a negative charge relative to the electrolyte on 
illumination. The resultant electrolytic double layer would require positive 
ions of the solution to balance the charge at the surface of the solid. Therefore, 
even though cuprous and hydroxide ions were liberated by the radiation, the 
cuprous ions may be held in the double layer as well as some of the more 
mobile hydrogen ions thus preventing an increase in conductivity in the body 
of the electrolyte. In order to test this theory, suspensions were made of 
copper having a thin oxide deposit of the electrode type having a positive 
rather than a negative photo-potential. Powdered copper just fine enough to 
be held in suspension by gentle stirring was coated with oxide by the method 
already described. After the chloride had been completely hydrolyzed the 
suspensions were washed in pure water to constant conductivity and placed 
in apparatus described above. 
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The Results of illuminatiiig the Copper-Cuprous Oxide Suii^eiisioits 

Suspensions of copper having a thin deposit of copper oxide were found 
to have a higher conductivity in light than in the dark. The difference is 
large compared with any temperature effect which could have been induced by 
the light. During the observation of the effect of light the temperature of the 
cell did not vary more than o.i®. Table I shows the magnitude of the lig^it 
effect compared with the temperature coefficient of three different observar 
tions. If the effects observed were due to the heating effect of the light there 


Table II 


The Temperature Coefficients and Light Effects of the Copper — Copper 

Oxide Systems 


Conductivity 
in Dark at 25® 

7.i6Xio“« 

4.41 " 

5.08 


Conductivity 
in Dark at 26^ 

7.49Xio’‘® 

4*51 '' 

5*22 


Conductivity 
in li^t at 25^ 

8.ooXio-« 

4.62 


would have been a rise in temperature of at least 2®, an occurrence which could 
not have escaped notice. 

The magnitude of the light effect was different for different suspensions. 
In the case of suspensions having dense coatings of oxide the effect of light was 
small. Suspensions prepared in the same manner as electrodes Nos. 5 and 6 
in Table I were practically unchanged by light. These had the appearance of 
the pure oxide suspensions, while the more sensitive ones, having been coated 
in a manner similar to electrode No. i in Table I, had the color of brass. 

Experiments were performed in which the platinum electrodes of the con- 
ductivity cell were kept in the dark and the suspension illuminated at a 
point in the tube just above the electrodes. As the liquid circulated through 
the tube it passed first through the beam of light and then between the elec- 
trodes. Conductivity changes were observed in this way also indicating that 
the effect was not at all associated with the fact that the light fell on the cell 
electrodes. 

In other experiments the suspension was permitted to settle to the bottom 
and the clear liquid free from solid particles was exposed to the light. No 
change in conductivity was observed under these conditions. 


Systems in which the Light reduces the Conductivity 

It was noticed that a copper suspension having a cuprous chloride coating 
only partially hydrolyzed to the oxide had its conductivity reduced on illumi- 
nation. Hydrochloric acid is formed during hydrolysis and a state of equilib- 
rium may be reached with both solids present unless the acid is removed by 
continued washing. Under these conditions the suspension had a coating of 
the mixed chloride and oxide and had therefore established the following 
equilibria: 

CufCls solid ;p:± Cu2Cla solute 2 Cu“^ +2 CP (1) 

CufO solid CujO solute 2 Cu“** + 0 " (2) 
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If the light shifts the reaction (2) to the right, reaction (i) will move to the 
left and the result may be written in one equilibrium, thus 

Cu,CU+H ,0 CujO+2 H+ +2 cr (3) 

The conductivity of this system was relatively large due to the fact that the 
cuprous chloride is more soluble than the cuprous oxide and an appreciable 
amount of HCl must be present. The conductivity was reduced as much as 
15% in white light of approximately sun light intensity. Thus one suspension 
had a conductivity of 26.0X lo^^inthedarkand 22.1 X 10“^ in the light. When 
this suspension was washed repeatedly its conductivity decreased and it began 
to behave like the sOspensions given in Table 2. The original condition repre- 
sented in reaction (3) was restored by adding a trace of HCl. 

The photo-chemical diminution of hydrogen ion concentration represented 
in reaction (3) was also observed by placing a hydrogen electrode in the sus- 
pension and comparing its potential with that of a o.iN calomel half cell. 
During illumination the hydrogen electrode became more negative by approxi- 
mately 0.03 volts. This effect was observed only qualitatively since the hydro- 
gen at atmospheric pressure slowly displaced the cuprousions from solution* 

Discussion 

The results of this investigation may be explained by the single assump- 
tion that the equilibrium constant of the reaction (2) alters in light so that the 
oxide apparently becomes more soluble. This was also the assumption made 
in developing the theory of the photo-voltaic cells which may be briefly sum- 
marized as follows: 

On illumination reaction (2) was supposed to shift to the right thereby 
simultaneously increasing the concentration of both the cuprous and the 
hydroxide ions. 

Case (i). A positive photo-potential results when the electrode poten- 
tial is determined by the reaction: 

Cu+ ^ Cu + (+) (4) 

The reaction determining the potential of the electrode at equilibrium is that 
reaction which may proceed from a given unstable state to the equilibrium 
state with the smallest changes in the concentrations of the reactants. Case 
I is realized when metallic copper and solid cuprous oxide are present. 

Case (2). A negative photo -potential results when the potential is 
determined by the reaction, 

2 0-5i±0t+(«) ( 5 ) 

Reaction (4) can not determine the potential of the electrode when the amount 
of copper present is infinitely small for then its concentration varies with the 
smallest current. Case 2 was realized by removing the metallic copper. A 
temporary negative photo-potential may also be induced by the side reactions^ 

Cu+— >Cu+(+) — ^Cu++ + (-) 

A more complete discussion of this theory will be found in the previous paper. 
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The system H2O— CU--CU2O corresponds to Case i and the increased 
conductivity on illumination may be attributed to the production of more 
Cu"^ and OH'' ions. The positive photo-potential would not mask the 
change in conductivity. 

The system H2O — CU2O corresponds to Case 2 in which experiments have 
revealed a large negative photo-potential. It is probable that this potential 
change prevents the detection of the change in solubility. 

The system CU2CI2 — CU2O— CU--H2O provides a new example of a con- 
secutive photo-chemical reaction. Reaction 2 is the primary photo-chemical 
change while reaction 3 represents the consecutive one. 

The conductivity method of observing these reactions quantitatively 
suffers from several disadvantages which the electrode potential method 
evades. In the first place traces of impurities influence the conductivity 
method but not the electrode potential method. The cell constant cannot be 
accurately estimated when metallic suspensions arc employed since the par- 
ticles themselves conduct the current and thus reduce the effective distance 
between the electrodes. Furthermore, uniform illumination throughout a 
suspension is impossible since the intensity at any point depends on the 
density and thickness of the suspension traversed. The method is valuable, 
however, in a qualitative way in furnishing additional evidence that the solu- 
bility of the cuprous oxide increases in light. 

This is apparently a direct confirmation of the theory of Baly^ in which he 
postulates an opening of the molecular ‘Torce fields’^ by radiation in the same 
manner in which they are opened by a solvent. We may imagine that the 
separation of the negatively charged ion is similar to the separation of an 
electron under the influence of the radiation. 

Summary 

The conductivity of a suspension of cuprous oxide in pure water is not 
influenced by white light. 

The conductivity of a suspension of copper coated with a thin layer of 
cuprous oxide is increased by white light. This has been distinguished from 
a temperature effect. 

Evidence for the variation of copper concentration was obtained using 
electrodes coated with different thicknesses of cuprous oxide, the photo-poten- 
tials were also shown to depend on the amount of copper. 

The system Cu2Cl2~Cu20 — Cu-~H20 has a higher resistance in the 
light than in the dark and affords a new example of a consecutive photo- 
chemical reaction. 

The results may be explained by the assumption that cuprous oxide 
becomes more soluble in light. This is apparently a confirmation of the theory 
of Baly. 

The Rice Institute 

Homton^ Texas, 

1 Astrophys. J. 42 , 4.71 (1915); J* Am. Chem. Soc. 37, 979-993 (1915) 



THE SOLUBILITY OF ATMOSPHERIC GASES IN SOLUTIONS OF 
AMMONIUM (^HLORIDE 

BY J. H. COftTE AND £. R. ANDREWS 

The solubility of atmospheric oxygen in solutions of various salts was 
determined by (\ G. MacArthu^^ His results for the halides of alkali metals 
are of the order one would expc^ct, having regard to the solubility of oxygen in 
sea water but those for ammonium chloride solutions are very remarkable. 


They arc for a tempi'rature of 2 5°(’. 




Goncentration M 

M 

M 

M 

Solubility'^ of 

4 

8 

Infinity 

oxygen in cc 0.07 

per litre 

1.16 

2.31 

s 78 


In discussing these results Mac.Vrthur says: “Another fact to noted 
is the marked effect of ammonium chloride on the solubility of oxygen. It 
raises with the conc(‘ut ration, but tlio d(‘creas(* in solubility is extnanely large. 
At first it was thought to be due (o a combination of the ammonium chloride 
with the manganous chloride,- thus preventing tlu^ manganous compound from 
l)eing oxidized by the oxyg(‘n in solution. This was shown not to be true by 
adding the ammonium chloride to wate^r containing the usual amount of the 
alkaline iodide and manganous chloride solutions and finishing the determina- 
tion as usual. This gave' an ameiunt e)f oxyge'ii that elistilled water usually 
contains. Though it is more like'ly that the ammeiniurn ediloriele so influences 
the oxygen that it is not available to eixidize the' manganous hydroxide, it is 
still possible that the ammonium chloride markedly de'cre'ases the amount of 
oxygen in solution.” 

It appears, therefore, that MacArthur had some doubt as to the real 
significance of his results althemgh their accuracy ap|X'ars to have iiee'ii ac- 
cepted by other authors. 

If ammonium chloride in relative'ly dilute solutions really conferred this 
propei-ty upon water much use could \n^ made of the fact in gas analysis and 
manipulation. 

The general similarity in behaviour of ammonium chloride and the chlor- 
ides of the alkali metals raises a strong presumption that then' is some expla- 
nation of MacArthur’s results other than a sjx'cific effect on the solubility of 
oxygen. The use of ammonium chloride in prevt'iiting the coprecipitation of 
h3^droxides of manganese, zinc, nickel and cobalt with those of iron, chromium 
and aluminum is well known to most students. The experiment cited by 
MacArthur only shows that ammonium chloride will not re-dissolve and r(»- 

‘ J. Phys. Chem. 20, 495 (1916). 

® Winkler's manganous process for the determination of dissolved oxygen. 
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duce manganic oxide when it has formed, as it does very rapidly in Winkler’s 
process. It does not show that a manganese ammonium complex is not found. 
The interaction of manganous and ammonium compounds has been studied by 
W. Herz* and is referred to in some of the larger text-books of inorganic 
chemistry. 

We have experimented with ammonium chloride solutions and find that 
the salt undoubtedly exerts a considerable retarding effect on the precipitation 
of the hydroxides of manganese, the solution remaining clear for some time 
and only yielding a considerable precipitate, apparently all manganic, after 
some hours. 

Solutions of ammonium chloride in distilled water through which air had 
been bubbled for some hours, were examined (a) by Winkler’s manganous 
process, using 70 cc of the solution and 0.3 cc of each of the reagents (b) by 
Winkler’s gasometric process in which the oxygen and nitrogen dissolved in 
the water arc evolved by a current of carbon dioxide generated in the water 
from calcite by means of hydrochloric acid*. It will be seen from the table 
below that the content of oxygen and nitrogen in ammonium chloride solutions 
differs but little from that in sodium or potassium chloride solutions of the 
same molar concentration. 


Molar 

Concentration 
of NH4CI 

Temperature 

of 

Saturation 

Dissolved Gases ccs per litre 

Winkler's Gasometric Process 

Winkler's Man- 
ganous Process 

Nitrogen and Argon 

Oxy-gen 

Oxygen 

2M 

22 

7-79 

3-93 

1 .6 (overnight) 

M 

19 

10,15 

S -70 

2.6 (20 hours) 


20 

10.29 

S04 


M 





2 

20 

10.65 

5-48 

5.46 (18 hours) 


No separation of hydroxide of manganese was observed in six hours with the 
2 M solution, some turbidity but no precipitate was observed in 4 hours with 
the normal solution whilst the M and M/2 gave some precipitate at once and 
action was complete in eighteen hours. 

The ammonium chloride solutions were sought to be saturated with the 
gases of air by passing a fine stream of bubbles for about 3 hours. It is not 
suggested that the figures in the above table are of the highest accuracy but 
they show conclusively that the order of solubility of the gases of air in am*; 
monium chloride is very different from that given by MacArthtir and also the 
inapplicability of the manganous process in presence of laige proportions of 
anunonium salts. 


* Z. anorg. Chem. 21, 243; 22, 279. 

* L. W. Winkler: Z. anal. Chem. 40 , 523 (1901 ). 



NEW BOOKS 


A Treatise on Chemistry. By Sir Henry Boecoe and C. Svhorleimner. Vol. 11^ Pari 
/. Sixth edition conrpleiely revised hy B. Maunt Jones and others. 21 X 15 cm; pp. xr-^1565. 
Neity York and Ijondon^ 1928. Price: $16.00. “In the ten years which have elapsed since 
the publication of the fifth edition of this lK)ok nnich new knowledge has lx?en obtained of the 
chemistry of the metals and of their compounds. An endeavour has been made to incorpor- 
ate the most important of this new material in the present edition while bringing the rest of 
the volume up to date. (Ireat advances have \ieon made in our fundamental ideas of atomic 
and molecular structure, of valency and of chemical affinity, and in the interpretation of the 
Periodic Law. This has l>een largely a result of the rapid devidopment of the science of 
radio-activity and the ‘ne^ physics’ and of the introduction of two new methods of investi- 
gation— positive ray analysis and X-ray .spectroscopy .^o rapid has l)etm this advance, and 
so much new data are lieing acquired daily, that in a work of this kind, devoted mainly to a 
systematic account of the metals and their compounds, anything like a complete account of 
the new theories would be out of place. Only the outstanding results of the ^new chemistry’ 
have therefore been rt'ferred to, while the general style and character of the book have het‘n 
maintained/’ p. IX. 

“The decom|.>Owsition of the alkalis by Davy in 1807 made chemists acquainted with 
substances of an entirely new character. Although the bastes of sr>da and |x>tash agreed with 
metals in opacity, lustre, malleability, conductive ixiw'ers as to heat and electricity, and in 
their qualities of chemical combination, and were classed bv Davy himwdf w*ith the metals, 
yet, inasmuch as they were lighter than water, they were not considered by many chemists 
to lie metals proper. In 1808 Erman and Simon attempted to revive the old distinction 
b(‘tween true metals and substances resembling metals by profwsing for the new substances 
the name of metalloids. This projxisal, however, was not generally a(*cepted, and the ele- 
ments were from this iieriixi claaacil in two groups, the non-metals and the. metals, the 
newly coined term, metalloid, l>eing applied, or rather misapplied, bv PerzeliiLs in 1811 to 
designate the former of the two classes, in which simsi* it is still sometimes employed. It 
soon liecame evident that the s(*parfition of the elements into these two groups was not a 
logical one, since no satisfactory basis of classification could Ik* obtained. With the discov- 
ery of the alkali metals a high specific gravity had (!<?a8(‘d to l)e characteristic, and the proy>- 
erty of metallic lustre soon shared its fate. Thus tellurium, discovered in 1782, W’as grouped 
with the metals liecause of its lustre and s|)ecifi<' gravity. Its close <‘hemical analogy with 
sulphur, however, which was pointed out by l^rzelius in 1832, clearly indicated that these 
two elements belonged to the same class. 

“In the san e w^ay, every firoperty suptHistnl to Ix' characteristic of a metal has l>een 
found to lx? shared by some one or other non-metallii* substance, or to be absent from some 
otherwise well-characterised metal. Thus opacity, and the jxiwer of conducting electricity 
well, were long deemed essential properties of a metal; but wt now know' that, in very thin 
layers, metals such as gold and silver are transparent, w'hilst s(*veral non-metals, such as 
graphite, and selenium, in one of its modifications, conduct electricity like metals,” p. 4. 

In view of the recent work to the effect that carlion and graphite have the same true 
density, it is interesting to note, p. 19, that in 1874 “Weber further showed that the allo- 
tropic modifications of a substance at low temperatures jxissess different specific heats, but 
that this difference diminishes as the temperature rises, and at last altogether disapix'ars. 
For example, Hegnault concluded from his experiments that the specific heat of amorphous 
carbon was different from that of the two other modifications. Weber has, however, dis- 
tinctly shown that this is not the case, but that carbon exists in only two thermal modifica- 
tions, (i) opaque, (2) transparent. These thermal differenrvs occur only at low temi>era- 
tures, and when a high temperature is reached no variation is observed.” 
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The discussion of Dulong and Petit’s law is summed up, p. 23, to the effect that 
^^taking into consideration the results thus deduced from the molecular heats of compounds, 
it appears that the elements which possess an exceptionally small atomic heat at tempera* 
tures below roo® have low atomic weights and, with the exception of glucinum, are non- 
metals. All the non-metals the atomic weights of which are high, as well as the remaining 
metals, agree approximately with Dulong and Petit’s rule below 100®.” 

In regard to Werner’s theory the authors say, p. 39, that **thi8 theory has proved of 
great value in the classification of the complex derivatives of the metals, and numerous 
applications of it will be found under the separate metals. The more recent development of 
the theory has taken the form of prediction of the existence of isomerides, and the predic- 
tions have been verified in a striking manner. The representation of the six coordinated 
groups or atoms as arranged in space round the central atom in the relative positions of the 
angles of an octahedron, leads to conclusions as to the existence of eis- and /raws- isomerides 
in certain cases, and of optical isomerides in others. Such isomerides have now been iso- 
lated, and this fact gives strong support to Werner’s view's,” 

“The indifference of a supersaturated solution to crystals of non-isomorphous salts 
can readily be shown experimentally. A supersaturated solution of sodium acetate, pre- 
pared as described above, is poured gently on to the surface of a supersaturated solution of 
sodium thiosulphate, made by simply melting the crystals of the hydrated salt in a long 
test-tube. If, after cooling, a ctrystal of sodium thiosulphate is drop|>ed into the tube, it 
falls through the lighter solution of sodium a<*etate without inducing crystallisation, but 
causes immediate crystallisation of sodium thiosulphate when it comes into the heavier 
solution of sodium thiosulphate. A supersaturated solution of magne.sium sulphate may be 
made to crystallise b}'^ adding either magnesium sulphate itself, or any one of the isomor- 
phous sulphates of iron, zinc, nickel, etc., w’hilst sodium sulphate, sodium chloride, etc., have 
no action upon it. Supersaturated solutions of sodium sulphate crystallise very readily 
when exposed to the air, and it has been shown that this is due to the presence of minute 
crystals of this salt in the atmosphere,” p. 130. On p. 151 one reads that “in the year 1845 
Wm. Allen Miller published the results of experiments on the spectra of coloured flames, 
together with drawings, but owing to the fact that in these researches a luminous flame w'as 
made use of, the representations of the several spectra are wanting in clearness and individ- 
uality. Swan was the first to point out that the bright yellow line coincident with Fraun- 
hofer’s D, which was seen in every fiame, is caused by the presence of sodium salts, and it is 
to him that we are indebted for the discovery of the extreme delicacy of the sodium rciaction, 
and for the proof of the universal distribution of this clement.” It seems incredible that it 
should have been fifteen years after this that Bunsen and Kirchhoff discovered the funda- 
mentals of solar spectroscopy. No mention of Weiser’s work is given under flame Bisect ra, 
pp. 154, 182, although dissociation is postulated. 

It is interesting to note, p. 161, that “it is often found that variation in the pressure 
of the gas, or of the intensity of the discharge, produces a variation in the relative intensity of 
the lines of the spectrum. Thus, in helium at a pressure of 7-8 mm, the yellow lines are the 
most conspicuous, and the gas glows with a yellow light; whilst, at a lower pressure the 
most conspicuous line is in the green, and the gas glow^s with a greenish-coloured light.” 

8orby states, p. 177, that “wines of different vintages may be distinguished by a 
variation in their respective absorption spectra.” This could be true wdthout having to 
admit that one could identify vintages by their absorption spectra. 

The sodium metaphosphates, which were first discovered by Graham, “exist in a 
large number of modifications, which all have the empirical formula NaPO»; but their 
molecular formula is probably in most cases some multiple of this. Great uncertainty 
exists as to the true molecular weights of the various salts,” p. 283. 

“An impure arsenate of sodium is prepared on a large scale by dissolving arsenious 
oxide in caustic soda, and adding sodium nitrate; the solution is boiled down, and the resid- 
ual mass heated in a furnace until it appears to be perfectly dry. This product is largely 
used in calico-printing as a substitute for cow-dung, which was formerly employed in clear- 
ing the cloth before mordanting. The mordant consists of a solution of acetate of either alumi- 
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num or iron, and the cloth, after having been print^jd with these mordants, is hung up and 
exposed to air. In this, which is termed the ageing process, a portion of the acetic acid 
evaporates, leaving basic acetates of iron and aluminum firmly attached to the fibre of the 
cloth. A portion of these salts is, however, mixed up with the thickening or starch which 
must be added to the mordant in order that the impression shall W sharp. To remove this 
excess of unfixed mordant, the cloth is subjected to a peculiar treatment termed the dunging 
process. For this purpose it will not answer merely to wash the cloth in pure water, because 
the soluble portion of the mordant is then removed from the printed pattern, but attaches 
itself again to the unmordanted cloth, which it is intended should remain white. Long ago 
it was observed by the native dyers and calico-printers in India that, if cow-dung be added 
to the wash water, the excess of mordant can be removed without any staining of the cloth 
occurring. The action of the cow-dung in this process has not yet been satisfactorily ex- 
plained, but experience has shown that sodium arsenate solution acts in a similar way, and 
at the present time the old process is generally superseded by the iist^ of what is known in the 
trade as dung substitute,” p. 285. 

"Ultramicroscopic examination of sodium silicate solutions show that they are two- 
phase systems in which the disjicrwd phasi* is negatively charged. . . . Silicate of soda is 
employed in fixing fresco colours by the process of stereochromy. It is employed as a cement 
in the manufacture of artificial stone. This is made by mixing the solution with sand and 
lime; it is likewise us<id as a cement for joining the broken surfaces of porcelain, stone, etc. 
Another purpose for which soluble glass is employed is as an addition to cheap soap. The 
so-called silicated soap was patented early in the la.st century and was subsequently largely 
n:adc by William Gossage, who also took out a patent for its manufacture; it is now pre- 
pared in large quantities by adding a solution of this compound to the soap whilst settling,” 
p. 294. 

Potassium meta-silicate, KjSiOa, forms a glassy mass which deliquesces on exposure 
to moist air. “It also absorbs carbonic acid from the air, and is gradually transformed into 
a transparent jelly which shrinks together in time and, after some weeks, bt'comes hard 
enough to scratch glass. It is probable that opal and flint are formed in some similar manner 
(Kuhlmann),” p. 374, 

Apparentlj" ammonium carbonate was once rather an extiensive substance, p. 405. 
“Even up to the end of the 17th century ^English drops,’ which were really nothing more 
than carbonate of ammonia mixed with an ethereal oil, were sold at high prices, and it was 
stated by some that the volatile alkali contained in this substance was prepared by the 
destructive distillation of silk, whilst others gave the remarkable receipt that 5 lb. of 
skulls of persons who had been hanged, or had otherwise come to an unnatural end, must be 
distilled with 2 lb. of dried vipers, hartshorn and ivory.” 

“The name of chryswolla occurs in old writers and serves to descril>e the most 
diverse bodies. The word originally was used to signify the substance employed for solder- 
ing gold; this, being prepared from urine, w^as probably microcosmic salt, which became 
coloured blue in the act of soldering gold to copper or brass. The word then came to be used 
for any green or blue substance, especially such as contained copper; the confusion thus 
created was tlxat all blue or green minerals, such as emerald and malachite, as well as sub- 
stances which were employed for soldering, were termed chrysocolla. Brochant, in the year 
1808, first proposed to confine the use of the name to this particular mineral,” p. 456. 

One would like very much to know why latitude has an apparent effect on the fine- 
ness of native gold, p. 510. “The Australian is, as a rule, much purer than the Californian 
gold, but it is a singular fact that the average fineness of the gold found in the several Austra- 
lian colonies shows a regular depreciation as we advance northwards. Thus the average 
fineness of Victorian gold is about 960; that of the New South Wales gold is 935, while still 
further north in Queensland the average fineness is 872, and Maryborough gold contains 
only 85 percent of gold and as much as 14 percent of silver,” 

“The manufacture of glass appears to have been discovered by the Egyptians, al- 
though the ancients themselves attributed the discovery of glass-making to the Phoenicians. 
Qlass vessels of various sizes, both colourless and coloured, have been found in Egyptian 
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tombs which belong to an age prior to that in which the Phoenicians occupied themselves 
with glass-making. Indeed, the latter nation appear rather to have been engaged in 
exporting the glass made in Eg>’pt, and esj^ecially at Thebes, to different parts of the ancient 
world, than to have established any original manufacture of their own. In the tombs of 
Beni Hassan near Thel^es, which were built more than 2000 years B.C., we find paintings 
representing Egyptians carrying on the processes of glass-blowing. From these, as well ia 
from the glass vessels which are found in the tombs, it appears that the Egyptians were not 
only acquainted with the art of glass-making and of working in glass, but likewise with that 
Of cutting and colouring glass, by w’hich they imitated precious stones,’* p. 585. 

‘The glass industry was introduced into Russia in the 17th and i8th centuries by 
German and Bohemian workmen. In the United States the same manufacture appears to 
have been established by Robert Hewes, a citizen of Boston, who erected a glass-house in the 
forest which existed in New Hampshire. The manufacture of Hewes does not seem to have 
been successful, and in 1800 another attempt was made to establish a glass-house at Boston, 
which also failed, until a German of the name of Lint took charge of the works in 1803, and 
the State of Massachusetts agreed to pay a bounty on all glass manufactured by him,” p. 588. 

1 iquid mercury ^is transparent when in very thin films, and transmits violet-blue 
light (Melsens). When a powerful stream of water is poured from a height of a decimetre 
on a mass of from 1 5 to 20 kilos, of mercury, bubbles of the metal, of about i cm. in dia- 
meter, are seen swimming on the surface of the water. These consist of very thin films of 
mercury through which blue light is transmitted: they soon burst and leave behind a very 
small globule of the metal,” p. 697. 

Gallium melts at about 30^; but the molten metal remains liquid indefinitely even at o** 
until touched with a small fragment of solid gallium, p. 773. The color relations of the three 
forms of titanium dioxide are a bit puzzling. Rutile is a brown or reddish color, anatase is 
brown or black, while brookite is steel blue, p. 837. There is a surprising variation in the 
composition of meteoric irons, from 91% iron and 8% nickel as the one extreme to 64% 
iron and 34% nickel as the other. The authors apparently do not accept Hartley and Ram- 
age’s claim of having observed a fall of meteoric dust in Dublin for they say, p. 1212, that 
^finely divided meteoric iron is constantl3^ falling from extra-terrestrial space on to the 
earth: the occurrence of this meteoric dust has been observed in Sweden and in the snow- 
fields of Northern Siberia, the snow enclosing black magnetic particles which contain cobalt 
as well as iron. Similar particles of meteoric dust, consisting of metallic iron, have been 
found by Murray, of the Challenger expedition, at great depths in mid-ocean. It is only 
under conditions such as the above that it is possible to detect this fine meteoric dust, in 
consequence of the enormous accumulation elsewhere of terrestrial dust.” 

On p, 1272 we read that “ferric hydroxide forms a compound with sugar which is 
soluble in water. This fact is of great importance to sugar refiners, as this compound 
destroys the crystallising power of sugar, and therefore increases the quantity of molasses 
formed.” One wonders whether all substances which are peptized by sugar prevent the 
ciystallization* 

“Hofmann and Resenscheck suggest that the cause of the intense colour of the ferric 
ferrocyanides is the presence in the same molecule of ferrous and ferric iron atoms; thus 
derivatives of the type Fe^^KjfFe^^Cy#) are colourless, whereas Fe^^^KfFe^^Cye) is Prussian 
blue. They point out that similar intense colour is present in many other compounds containing 
an element in different stages of oxidation. For example, sulphur sesquioxide, SjOt, is of a 
deep indigo blue colour, whereas both sulphur dioxide and trioxide are colourless; red lead, 
in the same way, is more highly coloured than litharge or the dioxide; the tungsten bronzes 
furnish another example,” p. 1315. 

“In 1881 the Swiss Government introduced a new issue of 20 centime pieces made of 
pure nickel. These coins have proved so successful that many other nations have introduced 
pure nickel coinage to replace silver, bronze, and even cupro-nickel. At the end of 1912, 
Switzerland, Austria, Italy, France, Serbia, Montenegro, Mexico, Turkey and Siani bad 
adopted the metal for small coinage, and about a thousand million pieces were in circulation. 
The advimtages of a nickel coinage, and especially of pure nickel, are mimy. First, the 
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metal is more valuable than copper, and consequently, for the same value, the coins can be 
of smaller size. Secondly, it is extremely tough, and the coins wear so well that replace- 
ment costs are extremely small. There is practically no deterioration in the Swiss coins 
which have been in circulation for forty years. Thirdly, owing to its hardness, nickel is very 
difficult to work, extensive plant and machinery and highly skilled labour being required 
for the production of coins, so that the manufacture of counterfeits would not be an attrac- 
tive and profitable business. I^astly, nickel provides a clean and beautiful coinage. It has a 
brilliant surface, takes the impress of the die most distinctly and permits, therefore, of the 
most elaborate designs, a further difficulty thus lieing placed in the way of the counterfeiter,’' 
p. 1361. 

Finely divided nickel is now lieing usc^d as a catalyst for the removal of carl)on 
disulphide from coal-gas, thus reducing its sulphur content considerably, p. 1368. ^*The 
catalyst is made by impregnating balls of fireclay with a nickel salt. They arc filled into 
towers and the salt is reduced to metal in a stream of coal-gas. The towers are kept at a 
temperature of about 400°, and the gas to W purified is passed through. The carbon disul- 
phide is decomposed, the carbon being deposited and the sulphur uniting with the hydrogen 
of the gas to form hydrogen sulphide, w'hich is then absorbed by ferric oxide in the usual 
manner. After ninning for some weeks a triwer }>ecome8 so filled w'ith carbon that it ceast‘s 
to work. It is then blown out with inert gas (carlnHi dioxide', and a current of air is passed 
through. This completely burns the carbon, which is swopt aw^ay as carbon dioxide, and 
converts the nickel to oxide. The tower is then iigain sw'cjit out with carlxin dioxide to dis- 
place the air, and put into ojieration again. The eoal-ga.s first reduces the oxide to nickel 
and this is as active as Ix^fori' in the removal of the carbon disulphide,” p 1368. 

While the book is very interesting as a whole, there are st»veral places which arc not 
up to standard. The paragraplis under photography, p. 502, on the latent image might 
have l>een written years ago. The eokirs of colloidal gold are not due jinmarily to differences 
in the forms of the particles, p. 524; th(*y are due to differences in the size of the particles. 
It seems a pity to use the word glucinum instead of iH^ryUium, p. 637. It is true that there 
are definite ehemieal eompounds, CuiSn and CiuSn; but it is not true that there is no liqua- 
tion when melts of these compositions are cooled, p. 880. It is misleading to say, p. 1056, 
that ‘‘Weiser considers that an indefinite numl>er of hydrous oxides (of chromium] exist,” 
because Weiser w’as not spe^aking of definite chemical compounds, though that is what one 
would suppose from the context. 

The authors cannot bear to give up the chromites, p. 1058. ^‘Although the solubility 
of chromic hydroxide in aqueous alkalis is doubtless due largely to the action of the alkali 
in converting the gel into a true colloidal solution, it must depend in part on the fact that, 
like alumina, chromic oxide acts as an acidic oxide towards strong bases, yielding salts like 
the chromites.” 

It show's confusion of mind, p. 1217, to follow Lambert’s lead and to call his very pure 
iron passive merel}' because it does not corrode readily, p. 1217. For over a century passive 
iron has meant something quite different and it does not simplify matters to call tw'o entirely 
different phenomena by the same name. 

There are surprisingly few misprints. 

Wilder D. Bancroft 

A Dictionary of Applied Physics. Edited by Sir Richard Glazehrook. Vol. III. ^SX17 
cm; pp. i»i-f 839. New York and London: The MaanUlan Com^ninyy 192S. Price: $15.00 per 
volume. This volume is devoted to meteorology, metrology, and measuring apparatus, and 
the subject matter is arranged alphabetically, as in the preceding volumes. Among the 
interesting headings are: investigation of the upper air; alcoholometry; ph.ysics of the at- 
mosphere; thermodynamics of the atmosphere; atmospheric electricity; balances; baro- 
meters and manometers; calculating machines; clocks and time-keeping; comparators; 
draughting devices; mean density of the earth; earthquakes and earthquake waves; gauges; 
gravity survey; humidity; hydrometers; design of scientific instruments; mechanical 
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methods of integration; latitude, longitude, and azimuth by observation in the field; line 
standards of length; map projections; meteorological instruments; meteorological optics; 
meters; metrology; nomography; combination of observations; physical oceanography; 
quartz fibres; radiant heat and its spectrum distribution; radiation; radio-micrometer; 
saccharometry; seismometry; surveying tapes and wires; tides and tide prediction; trigono- 
metrical heights and tejrestrial atmospheric refraction; measurements of volume; rating of 
watches and chronometers; weighing machines. 

Credit for the inception of the present methods of studying the conditions prevailing 
in the free atmosphere is given to Lawrence Rotch, p. i, though they spell his first name 
wrongly. 

^‘Norwegian meteorologists are at present engaged on the development of what pro- 
mises to be a very fruitful line of attack upon the problem of forecasting. They regard the 
weather of the northern hemisphere as largely dependent upon the existence of a surface of 
discontinuity between polar and equatorial air. Helmholtz showed that such a surfac^c of 
discontinuity should tend to form, and Professor Bjerknes and his associates claim that it 
can be detected at the earth's surface as a line of discontinuity in atmospheric conditions. 
The polar air is cold, dry, and transparent, often moving from an easterly point, and the 
equatorial air warm, moist, with poor visibility, always blowing from a westerly point. 
The line of discontinuity which is called the ‘polar front' passes through the centres of 
cyclones, connecting the centre of one cyclone with those of the preceding and following 
cyclones. The part from the centre to the front margin of the cyclone is called the steering 
surface or ‘anaphalanx,' and the part from the centre to the rear margin the squall surface 
or ‘kataphalanx'. All tlie weather incidental to the passage of the depression is referred to 
the anaphalanx and kataphalanx." p. 40. 

“At present the investigations of the Norwegian meteorologists are incomplete, and no 
judgment is possible as to the final value of their ideas, so far as application to the weather 
of the British Isles is concerned. It is a practical problem to trace the polar front in the 
whole of its coui’se round the globe, and a network of observers will be required to keep 
track of its changes from day to day. It remains to be seen whether a cyclone is to be 
accounted for as an almost stationary wave in the polar front. This would appear to require 
that the axis of the cyclone should always be inclined in a northerly direction," p. 41. 

Simpson’s theory of the thunderstorm seems to be accepted as the most probable, 
p. 43. The chief objection to it is not stated, namely that there is no certainty that the 
positively charged drops will coalesce after being carried up. It would seem to the layman 
that these drops would repel each other long before a sufficient charge was built up to pro- 
duce lightning. 

“Photographs of lightning taken with a rotating camera show that it consists mainly 
of unidirectional discharges. The path of the discharge is built up piecemeal by progressive 
ionisation, beginning with a small branching spark, followed in a small fraction of a second 
by another which is somewhat longer, and the prorress continues until the main line of the 
discharge is built up. A photograph of a flash of lightning bears a close resemblance to a 
map showing a river and its tributaries. The accumulation of a large amount of electricity 
in a small space which is incidental to the passage of lightning produces, a strong repulsion 
of electrified particles, so that a compression wave of air of explosive violence is produced, 
followed by a wave of rarefaction, succeeded by waves of less intensity. W. Schmidt 
showed that only a very small part of this energy takes the form of audible waves, so that 
we hear only a very small part of thunder. It may be noted that lightning affects wireless 
apparatus, and a directional wireless set can be adapted to detection of thunderstorms. By 
the use of a number of directional stations it has been found possible to follow the course 
of thimderstorms for long distances," p. 43. 

The figures in regard to rain from water vaopr are quite impressive, p. 45. “A cube 
of air ten metres in the side weighs about 1.25 metric tons. In summer on the average in 
this country it would contain ten kilogrammes of water-vapour, and would supply water 
enough to cover the base of the cube with rain to the depth exf o.i mm. AH the water 
except 0.03 gramme per cubic metre could be extracted by reducing the temperature to 222 **’ 
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Abs., by elevating it to about 1 1000 metres, where the pressure would be about 232 milli- 
bars; hence, confining attention to a limited area, a fall of rain of one millimetre would 
eorre8j>ond with the desiccation of a column of air 100 metres high and no more. We have 
to (‘onsider w’hether smdi a process may be regarded as natural. 

*'C>ne millimetre of rainfall over a square kilometre represents a million kilogrammes or 
a thousand metric tons. The dynamical ecjuivalent of the thermal energy s<*t fre(‘ by the 
<*ondensation of water to the extent of a millimetre of rainfall over a square kilometre is 
6X10“ thermal units or 2.5 X 10^^ joules, about a million horst^-power-hours. And a.s the 
practical unit of area for the fall of rain may l)e regarded as a hundred kilometres square, 
the energy with which w^e have to deal in the ordinary w’ay is of the order of ten thousand 
million horsc-power-hours. It must be remembered that when rainfall is produced, energy 
to the corresponding extent must be disposc‘d of. It is not uncommon to find suggestions 
that air may be ‘supersaturated’ before rainfall. There is no evidence in support of the view% 
but even if it were tnie the disposal of the energy is not avoided; it must have taken place 
in order to produce the siqK'rsaturated air.” 

Producing rainfall from a clear sky is therefore a stupemdous task. The writer of the 
artiele, Sir Napier Shaw*, has not mentioned however that most rain eomes from elouds and 
that the ecpiivalent of all this vast ex|MUiditure of power has Ixien expended in producing 
the eloud. The amount of w'ork to be done on a cloud to produce rain may be negligible 
because* the cloud is thc^orcti<*ally an instable sy.stem. 

“A thunder-cloud may be regarded as an electric machine, by the action of which a 
vertical separation of t)ositive and negative electricity is produe(‘J. It is thus (‘sstuitially 
bipolar, equal and opposite charges being sc‘parate<l in the upper and lower parts of the 
e'loud in a given time. The charges of the two poles of the cloud arc, how’cver, not likely to 
remain equal, on account of differences in their rates of dissipation We may form some 
estimate of a low^er limit to the magnitude of the chargers wdiieh may accumulate in thunder- 
clouds by assuming that it is not less than the average quantity discharged in a lightning 
flash — almiit 20 coulombs. The jiotentials within the charged portions of thunder-clouds 
probably reacdi magnitudes of the order 10* volts An estimation of th(‘ rate of .separation 
of the charges in a thunder-eloud, i.e of the vertical current through the cloud, may be 
derived from the rate at which the electric field dost roved by a lightning flash is regenerated. 
This method gives a few' amixTcs as the ])robable order of the vertical ourrent through a 
thunder-eloud,” p. 85 

ruder atmospheric* eh-etricity wc* read, p. 92, that “even in calm weathc'r and with a 
clear atmosphere there arc* minor fluctuations in the records of potcuitial gradient 8Ujx*r- 
imfx>8<»d Upon the regular |)eriodie variations. Clouds other than rain elouds do not as a 
rule produce* changes which are large compared with the normal potential gradient. Within 
a fog, however, the potential gradient genendly rises to .several tim<‘s its normal value. 

“Clouds of dust raised by the wdiul may produce ehangevs in the potential gradient, the 
sign of the effect depcuiding on the nature of the dust. Drifting snow at low tem})erature— 
as has lH»en found in all the recent Antarctic* e.xi>edit ions “has very large effects, generally 
giving very high positive potentials. According to Simpson, the efft»els of drifting snow' 
may be explained by supposing that when ice crystals strike one another in air the air Ix*- 
eomes jiositively charged, the ice negatively.” 

Under balances we find that “lacquer, if used as a protec*tive coating for a weight, 
should lie hard, of moderate thickness, smooth, and not likely to chip. It is well knowai that 
lacquers absorb moisture from the air to a variable extent, say from i to 5 percent of the 
weight of the lacquer, de}>ending on the atmospheric humidity. On an estimate, a icx) 
grm, lacquered weight may be subject to variations of the order o,ckk>i gramme. This vnlue 
is, of course^ only approximate, since much depends on the nature and the method of ap- 
plication of the lacquer. Nitro-eellulose lac'quers have been found to absorb about three 
times as much moisture as those (containing shellac. The use of a lacquered w'cight w'oiild 
probably preclude an accuracy exceeding 0.0001 gramme on 100 grammes, w^hereas an un- 
coated polished brass weight would in general maintain a rather lietter consistency of mass 
than this for a period of several months, under good conditions of use,” p. 123. 
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‘‘When the air very close to the ground is much heated it may happen that rays of 
light can pass into this lowest layer and curve upwards again. In such circumstances an 
observer will receive the same impression as if the rays had been reflected from the surface 
of water; when he can thus sec an object and its inverted image he is said to observe a mirage ; 
that term is used somewhat loosely, however, for other kindred phenomena. Tlie illusion 
of the presence of water is frequent, but it does not always occur. , . . 

“When the sheet of water is apparently present its near edge will be determined by 
rays which almost graze the ground. The illusion of reeds growing by the waternside is 
produced by the vertical extension of the images of pebbles which happen to be suitably 
placed. 

“It has been mentioned that a rapid increase of air density from below upwards leads 
to a narrowing of the horizon; the horizon in this sense is really identical with the near 
edge of the sheet of ‘water’, but it may happen that it does look like the ordinary horizon, 
and in such circumstances an object beyond the ‘horizon* and its reflection or mirage may 
be merged and seen to float in the air. 

“Though typical of tropical deserts, mirage is not infrequently to be observed in 
England. Excellent examples have been seen on level wood pavement in the London 
suburbs, wide roads appearing to Iw completely flooded. 

“The same type of mirage can occur at sea; much more frequently it happens that, 
when a distant coast is looked at, a bright whitish strip is seen along the sea-horizon in front 
of the coast. To the casual observer the strip seems to be the actual shore. In this case the 
mirage or reflection of Jhe land is of little depth and is not noticeable, the bright strip is 
the reflection of the sky. The phenomenon is an indication that the sea is warmer than the 
air above it,” p. 520. 

“Another type of mirage is that in which the reflecting layer is above the observer. 
The necessary condition is an exaggerated falling oil of air density at a certain height, 
implying a sharp ‘inversion’ or increase of tempcj’ature with height. In this case the object 
is seen inverted, and frequently there is an erect image above the inverted one, indicating 
that three alternative routes are available for the light from object to observer. The most 
striking examples of the phenomenon have been reported from the Arctic regions; on one 
occasion a ship twenty-eight miles away, and therefore far below the horizon, was seen 
reversed in the air and actually recognised. . . . 

“Fata Morgana is the Italian name for Morgan the Fairy, the legendary half-sister of 
King Arthur. The mirage seen across the Straits of Messina suggested the poetical palaces 
in the fairyland where Fata Morgana reigned, and her name is now given to mirages seen 
in like situations where there is much distortion and repetition of images. In such cases 
superior and inferior mirages may lie produced simultaneously by interlacing currents of 
air,” p. 521. 

“Patches of colour like mother-of-pearl are occasionally seen on high clouds such as 
cirro-stratus. Thest^ patches are probably portions of coronas of very large radius. The 
classical explanation attributes them to diffraction by ice-needles. The complete theory 
of diffraction by a cloud of needles with fortuitous orientation does not seem to have been 
worked out, but it is improl)able that suflSciently brilliant colours could l)e produced by 
such a cloud. Simpson prefers to attribute the phenomenon to minute water-drops, sup- 
porting this view by his observation that a corona and a halo are never seen at the same 
time on the same cloud. There is abundant evidence for the existence of drops at tempera- 
tures far below the freezing-point,” p. 527. 

“The larger number of observations on the transparency of sea-water have been made 
by noting the maximum depth at which a white disc, generally 0,5 m. in diameter, can be 
seen. The depth obviously depends to a large extent on the altitude of the sun and the 
amount of disturbance of the surface, so that the results are only roughly quantitative. 
The maximum depth recorded is 66 m. in the Sargasso Sea, with a disc 2 m. in diameter. 
In the North Sea the depth varies from 5 to 12 m. in the southern part to 20 m. or meure 
northwards of the Do^er Bank, in the open oceans 50 to 60 m. has been often recorded,” 
p. 672. 
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^'Oxygen and nitrogen (including argon) are absorbed according to their solubility 
under the particular conditions of temperature and partial pressure, while the solubility 
of carbon dioxide is affected by the fact that it is in equilibrium with dissolved carbonates. 
It has often been suggested that the amount of dissolved gases in an under-current could 
be used to determine where it was last at the surface. In the case of oxygen this is incorrect, 
experiment has shown that there are great bodies of water very deficient in oxygen, which 
must have been removed by living organisms. Nitrogen might give better results but great 
uncertainties arc caused by the mixing of the under layers,” p. 673. 

^^The use for which quartz fibres arc almost exclusively required is as torsion fibres in 
delicate apparatus, and for this purj)OfH^ they are pre-eminent . With diminution of diameter 
the cross-section varies as the square of the diameter, and the strength falls off less rapidly 
than this. On the other hand, the torsional rigidity falls in the proportion of the fourth 
power of the diameter or square of the sc^ctional area. For sfime classes of exp^jriment, 
therefore, the angular deflection will become greater as thi^ .scale of the apparatus is reduced, 
and the consequent increasing delicacy is limited only by the difficulties of manipulation, 
construction, or measurement, or by relatively increasing effects of disturbance, if such is 
the fact, and last by the viscosity of the air. With any but the simplest form of suspension 
the resistance to motion due to this cause may be such as to pass the d(*ad-l)eat conditions, 
in which case deflections require an inordinate time, or if within the dead-beat (conditions 
by too small an amount the det(*rmination of ix'riod is made difficult on liccount of the high 
logarithmic decrement. The easi(*st way to attach a quart z fibre at it s tmds i.s to use pointed 
wires wetted with shellac varnish, and lay the end of the fibre on the varnish, and then 
gently pull in the direction of the point so that the fibre lies in tfiis direction at the point. 
Then on drying, with or without the aid of heat, the fibre will be held. Where there is any 
question as to the rigidity of such a fast(‘ning, other methods may be used. A solution of 
silicate of soda has been used successfully, but the writer has no experience with this 
CVraents of the T'^aementium’ tyjK' would no doubt answer very well, but the writer used 
in his experiments on the constant of gravitation a very 8<*eure and rigid method of fastening, 
effected by silvering (dectro-copp(*ring, and soldering the coppered ends to metal tags of 
enormous area relatively, and cementing these tags,” p. 697. 

‘^\11 fibres seem to show increasing tenacity with diminution, as though there w^ere 
a surface tenacity akin to surface tension in liquids and the great strength of silk and spider 
lines is no doubt due to this cauw*. Such strength in fine quartz fibres is not due to the fact 
that the surface is a natural or vitreous surface resulting from fusion, for if a coarser fibre is 
made to carry a weight over a pail of water, and then a sjK^nge dipped in hydrofluoric acid 
is placed against the fibre so as to dissolve it slowly — it is vorj' slow’ compared to glass— 
the fibre wdll break when it is reduced suflSciently in diameter, and the one end will im- 
mediately l>e washed in the water. The diameter is then found to be the same as that of 
a whole fibre which is just broken by the same w^eight. Tenacities up to from 60 to 80 tons 
to the square inch, to use the engineer’s units for comimrison, wdth metals, arc found with 
fibre.s 1/7500 inch or 1/300 millimetre in diameter or loss,” p. 698. 

On p. 717 the conclusion is drawn that ^*the sun’s effective radiating layer is roughly 
comparable with that of a black Iwdy at aliout 6ooo®K or about 5700® C.” 

‘‘As an illustration of the accuracy of the predictions made with the Indian tide- 
predicting machine, the following comparisons of observed and predicted times and heights 
for Prince’s Dock for the year 1917, furnished by the Indian Survey Department, may be 
taken. High-water times: 43 percent within 5 minutes, 82 percent with 15 mins., 97 per- 
cent within half an hour. With regard to the few occasions on w^hich the difference exceeds 
half an hour, it may be remarked that where the diurnal components are large the whole 
amount of rise and fall at neap tides may often be very small and the changes in level at 
high and low water therefore very small. At a number of ports, e.g. Aden, often only one 
high and one low water occur in the 24 hours at neaps. High-water heights: 63 percent 
within 4 inches, 92 percent within 8 inches, 100 percent within r foot; only a very few 
differences exceeded i foot. The spring range at Prince’s Dock is about 14 feet,” p. 765. 

Wilder D, Baiurojt 
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The Chemistry of Urea, By Emil A, Wemer, 25X16 cm; pp. x + 2i2, London and 
New York: Longmans^ Green and Co,t 1923. Price: 31^.75. The author’s thesis is that 

.NH, 

urea is a cyclic compound, HN:C<C I and not carbamide, while urea hydrochloride is 

^ 0 , 

HN:C( 0 H)NH 8 C 1 . Wdhler’s synthesis of urea from ammonium cyanate is believed to 
take place in three stages, p. 13: the dissociation of ammonium cyanate giving ammonia 
and cyanic acid in the enol form, HOC N ; the change of cyanate acid from the enol to the 
keto form, HN:C: 0 , as an effort to attain greater stability; and the reunion of ammonia 
with cyanic acid in the altered form to produce urea of constitution quite different from 
carbamide. Cyamelide is the polymerization product of the enol form of cyanic acid and 
cyanuric acid the polymerization product of the keto form. When cyanic acid polymerizes 
spontaneously at 0°, the product is about sixty percent cyamelide white it is entirely 
cyanuric acid when the change takes place at a high temperature, as during the decomposi- 
tion of urea by heat, p. 17. 

The formation of urea during the hydrolysis of cyanic acid at 0® has been proved by 
Werner and Fearon, p. 19. “Not less than six consecutive changes are involved when 
cyanic acid is decomposed in the presence of water. These are conveniently divided into 
two groups: — 

Primary changes 

(1) (H 0 CN 5 P±HNC 0 ) 4 -H *0 « COj-bNHi 

(2) HOCN-fNH* « NH4OCN 

.NH. 

(3) HN:CO-|-NH* « HN:C<' | 

Secondary changes 

(4) « NH4HCO, 

(5) Interaction of urea and HNCO =* biuret 

(6) Production of cyamelide. 

“In an aqueous solution of cyanic acid at 0°, and at concentration approximately 
N/4, the primary changes are completed in from seventy-five to ninety minutes, and under 
such conditions the secondary changes, with the exception of No. (5) are completely sup- 
pressed up to the point at which the primary ones are just completed. 

The author makes a statement on p. 16 which is true for other things besides urea. 
“The whole chemistry of urea abounds in secondary reactions, nearly all of which have 
been lightly passed over as of no consequence so far as the main reaction is concerned. 
Secondary reactions are almost invariably the beacons which light up the path to the proper 
understanding of the mechanism of the main reaction. Failure to appreciate this fact has 
been largely responsible for the many erroneous interpretations of the decompositions and 
reactions of urea.” 

When studying the pressure-concentration relations of vaporized urea, Isambert 
drew the conclusions that solid carbamide may be regarded as formed by a simple addition 
of carbonic acid and ammonia gas, and that the volatilization of urea is therefore a pheno- 
menon of dissociation, p. 30. “Whilst the latter remark is quite true, it is evident that, 
taken in conjunction with the former, Isambert has completely ignored the existence of 
the vapour of cyanic acid as a product of the dissociation of urea. In these experiments 
urea was vapourised at 61 ‘^-62^ under a much reduced pressure. Since the molecular 
weights of cyanic acid and of carbon dioxide are as 43 to 44, a mixture of the vapour of the 
former and ammonia would be likely to behave as Isambert found. . . . 

“Proof of the direct association of urea into ammonia and cyanic acid has been supplied 
by Escales and Kdpke who showed that when urea was sublimed in a vacuum at 

160^, the sublimate was ammonium cyanate. Their remark that, if Wdhler had sought to 
purify his synthetical urea by sublimation in this way, his famous discovery might never 
have been made, is one with which the writer is by no means prepared to agree. Wdhler 
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was much too shrewd and careful an observer to overlook the properties of a substance so 
different from ammonium cyanate. Had not his own observations on the subject discussed 
in the present chapter been overlooked by many others, much unnecessary work might 
have been spared.*' 

*‘The text-books have been unanimous in stating that urea is decomposed in a normal 
manner by nitrous acid like all other amides, the simple equation 
(3) CON*H 4 -f 2 HNO, » C02+2N,-h 31120 
l>eing given as the correct expression for the change. 

‘^Theoretically, this reaction should be available for the estimation of urea, on the 
basis of the volume of nitrogen evolved, and indeed this is commonly suggested for the 
literature. It is never used for this purpose*, and it never has been, since experiment has 
proved it to be quite valueless. On the other hand, it constitutes a well-known method for 
the estimation of nitrous acid, with a very fair degree of accuracy, on the supposition that 
the above equation is true. It was no doubt for this reason, and on account of the employ- 
ment of other methods for the estimation of urea, that this reaction was not considered 
de«*rving of any further investigation. 

“A careful quantitative study of the behaviour of urea towards nitrous acid was made 
by the writer in 1917. The results have supplied convincing evidence in support of the 
cvclic formula of urea. 

“The following facts were clearly established: — 

“i. Urea and pure nitrous acid in aqueous solution do not interact. 

“2. The presence of a strong acid (hydro<‘hloric, or nitric) quickly promotes a brisk 
interaction, even in dilute solutions, and the reaction is then completed in a relatively short 
time. 

“3. The presence of a weak acid, such as aceti<‘ acid, do<*8 not promote an interaction, 
unless the concentration is abnonnally high, and even then the velocity of the reaction is 
extremely slow. 

“4. The volume of nitrogen evolved is not a direct measure of the amount of urea 
decomposed, calculated on the basis of equation (3); the quantity decomposed is much 
greater than that indicated by the evolved nitrogen. 

“5. Only when urea is present in considerable excess is the volume of nitrogen evolved 
an approximately true estimate of the amount of nitrous acid decomposed. 

“6. The volume ratio of carbon dioxide to nitrogen (1:2) required by the equation 
is never obtained; the proportion of carlxm dioxide is always much higher; moreover, the 
composition of the gas is liable to much variation with small changes in concentration. 

“It IS obvious that, so far as the usual explanation of this reaction is concerned, all 
these facts stand out as anomalies for which the ordinary equation offers no explanation. 
Now, anomalies in .such a reaction can have no reality; their apparent existence is the 
natural consequence of an erroneous conception of the change, and when the true constitu- 
tion of urea is considered they appear as normal phenomena which reveal the true mechan- 
ism of the interaction," p. 49. 

When urea (in th^' form of a salt) and nitrous acid interact, a certain proportion of 
nitrogen from the urea »s always fixed, as an ammonium salt, and herein lies the fallacy of 
the reaction, so far as the estimation of urea is concerned. 

“The variations observed in the rat*os of carbon dioxide to nitrogen are thus easily 
explained, since the volume of nitrogen evolved is lowered in proportion to the amount of 
cyanic acid hydrolysed. The latter change can be only partly suppressed, even under the 
most favourable conditions (that is, high concentration and nitrous acid in excess), with 
the result that the ratio of carbon dioxide to nitrogen evolved is never that which has lieen 
erroneously assumed. 

“Now, according to the above explanation, the interaction of urea and nitrous acid 
is theoretically clearly divisible into two stages, during the first of which one molecule of 
urea is completely decomposed by one molecule of nitrous acid, instead of by two molecules, 
as has been commonly, but falsely, supposed. 
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**This has been easily proved experimentally, by adopting the exact conditions which 
the theory rigorously demands, namely, (i) the presence of urea in excess at the outset, 
(2) a low concentration of nitrous acid, (3) the presence of mineral acid in excess of that 
required to neutralise ammonia generated from the hydrolysis of cyanic acid and so to 
maintain the proper configuration of the urea molecule. Under these conditions the de* 
composition of cyanic acid by nitrous acid can be almost completely suppressed in favour 
of its decomposition by hydrolysis/’ p. 52. 

“In order to prove that urea is not attacked by pure nitrous acid alone, it is necessary 
that the concentration of the latter should not be greater than N/ 30. Under such condition, 
the solution being protected from the light which promotes decomposition of nitrous acid, 
no interaction was found to take place even after three days; yet on the addition of two 
drops of hydrochloric acid solution a brisk reaction was quickly promoted, and even at 
this low concentration of nitrous acid was almost completed at the end of half an hour,” 
p. 56. 

“Mixter (1882) obtained urea by passing carbon dioxide and ammonia through a 
tube heated to low redness. There can be no doubt that cyamc acid was generated in this 
case, thus — 

COj+NHa « HN:CO-f HA 

as Mixter has suggested. It was shown by the writer (1920) that when ammonium car- 
bamate was vaporised through a glass tube heated to incipient redness, ammonium cyanate 
and urea were found in small quantity in the cooled product,” p. 66. 

“Fichter, Stutz and Grieshaber (1912) and Plchter, Steiger, and Stanisch (1918) 
showed that when a concentrated solution of ammonium carbamate was electrolysed with 
a direct current, a small quantity of urea was formed exclusively at the anode,” p. 70. 

“Since urea was formed only at the anode in Fichter’s experiments, there can be no 
doubt that the formation of cyanic acid by oxidation is the pre-final step in this synthesis. 
Indeed Fichter has himself supplied evidence in support of this conclusion. Urea was 
obtained by electrolysing a solution of ammonium acetate containing methyl alcohol. The 
latter, it is stated, gives carbon monoxide, and the change was represented thus — 
CHiOH — K:0 ►H . CO . NH, . CO • NH,. 

“Formamide, which was assumed to be produced (apparently by union of CO and 
NH*), was oxidised to urea in the presence of ammonia. 

“The obvious explanation of the change is 

CO -bNH ,0 = HN : CO -f-H* 0 . 

“The fact that the formation of urea is promoted in all these reactions by the presence 
of free ammonia is easily understood, since the latter is necessary to ‘fix’ the cyanic acid 
produced. The formation of urea from ammonium carbamate furnishes a striking illustra- 
tion of the difficulties which have Ijeen encountered in attempting to explain a simple 
phenomenon, solely as the result of the belief in the ‘carbamide’ formula,” p. 70. 

“We have now to consider an interesting synthesis of urea, in which the compound is 
certainly not formed from the interaction of cyanic acid and anunonia. In 1851 Canniszaro 
and Cldez showed that when a small quantity of nitric acid was added to a solution of oyana- 
mide in ether, crystals of nitrate of urea gradually sejiarated. Baumann (1873) obtained 
urea (originally as sulphate) by adding cyanamidc to a 50 percent aqueous solution of sul- 
phic acid. He pointed out that very concentrated acid was necessary to obtain urea from 
cyanamide, and whilst more or less dicyanodiamidine (C2HeN40), or so-called guanyl-urea, 
was always formed, the proportion of the latter increased with the dilution of the acid. 
Drechsel (1880) prepared the compound CN •NHa, 2HC1, by passing dry hydrogen chloride 
into a solution of cyanamide in anhydrous ether, and proved that when decomposed by 
water it did not afford urea, but only dicyanodiamidine. 

“No investigator, so far as the writer is aware, has ever yet claimed to have obtained 
urea by heating cyanamide either with water alone, or with an aquerous alkaline solution. 
In fact ‘free’ urea has never been directly obtained by the hydrolyms of cyanamide under 
any condition. 
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“Nevertheless the simple equation 

CN.NH 2 +H 2 O - H 2 N CO .NH, 

has been universally adopted to represent the production of urea from cyanarnide, as if 
the reaction was one which proceeded on perfectly normal lines. The change, accepted 
in the above form, has always been put forward to support the Varbamidc^ formula, on the 
supposition that cyanarnide is related to urea as a nitrile to an amide. 

“Now nitriles are readily hydrolysed to their related amides, when heated with either 
dilute acids or alkalis, or even wdth water alone in most cases. It is evident, therefore, that 
the very special conditions necessary to hydrolyse cyanarnide to urea (as a salt) a])pear 
anomalous in the light of the above simple relationship. The true mechanism of the change 
only l)ecome8 intelligible w'hen due consideratirm is given to the constitution of cyanarnide, 
and to the fact that the structure of the urea molecule in the free state is not the same as 
W'hen present in the form of a 8alt,“ p. 80. 

,NH, 

“A comparison of the cyclic fonnula HN:( ^ 1 with either of the two formulae of 

cyanarnide shows that the relation of urea to the latter is not the simple one which has 
been hitherto supposes! . The conditions under which urea (‘an he formed show that cyana- 
mide must assume the amino form lief ore hydrolysis, and since the ions H and Dili are 
undoubtedly the active agents which take part in the change, this may he represented liy 
the following equation: — 

.NH2 /NH2.IINO. 

Cl -fH -fOH'-fHNOs = C-- Nil 

‘N ^011 

“This rea**tion, w'hich is analogus to the fonimtion of ^isoiireas’ from cyanarnide and 
alcohols in the presence of hydrogen (ihloridr, thus — 

.NH, / NHs nCI 

Cl -fCH, 0 H 4 -IICl = C^r. nH 

'' O CHs 

shows that urea, w'hen generated, has the ‘isourea’ structure, which is n'tninod only in the 
salt, and in the presence of a small quantity of water,” p. 87. 

“The 8p(*cial conditions necessary for the production of cyanarnide from urea are in 
perfect agrec?ment with the winter’s theory of the con.stituti9n of the latter in the free state 
and in the form of a salt. As cyanarnide ran he In'drolyst'd only to a salt of urea, so from a 
salt of urea only <^an it be regenerated,” p. 93. 

Tlie mechanism of the decomposition of urea by urease* is explained by Fearon, thus, 
p. no: “urease condenses urea h\ adsorption on its surface; this is followed by the dis- 
sociation of the urea into ammonia which combines with the enisyme, and cyanic acid w hich 
is hydrolysed by the solvent, in the case of water. . . . 

“Apart from any theory' of the mode of action of the enzyme in the first step of the 
change, the outstanding result of Fearon ’s researches proves that urease is not directly 
concerned in the ‘hydrolysis’ of urea at all. The function of the enzyme is to bring about 
the dissociation of urea into ammonia and cyanic acid. The hydrolysis of the latter follows 
as a secondary change in the presence of water. 

“The theory that urease acts as a dissociating agent in attacking urea offers a new con- 
ception of enzyme action which it is not unlikely may be applied to other cases. We have 
in this theory a rational explanation of the specific action of urease. It was pointed out 
that methyl and ethyl-ureas requre a higher temperature than urea for their dissociation and 
hence the velocity of their ‘hydrolysis’ w’hen heated in the presence of acids and alkalis 
respectively is much slower than in the case of urea. Now% no enzyme has been found to 
exert its activity above 80®, whilst many are inactive at about 70®; hence if the enzyme 
cannot bring about the dissociation of a substituted urea below 80®, say, the latter cannot 
be ‘hydrolysed’. Fearon (1921) has shown that whilst methylurea is not attacked by soy 
bean urease up to the limit temperature, ethylurea is attackecl slowly by the enzyme at 70®. 
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Tliis is an interesting fact in support, of the new theory, since it appears to indicate that 
urease is capable of bringing about the dissociation of ethylurea — ^less stable than methylurea 
— just below the temperature limit of its activity. 

‘‘Quite recently Fearon has found that pure normal butylurea is attacked by soy 
bean urease at 45®-50®. Now this is a point of further interest, since this urea, being less 
stable than ethylurea, is dissociated at a low^er temperature, and hence is attacked by the 
enzyme at a temperature below that at which it can decompose the ethyl derivative. 

“The possibility of effecting a synthesis of urea by urease from ammonium carbonate, 
as a result of a direct dehydration of the latter, as claimed by Barendrccht (1919-20), 
appears more remote than ever in the light of the ‘dissociation' theory. 

“The decomposition of urea by urease is another example of a reaction in the chemistry 
of urea, the interpretation of which has been greatly helped by a recognition of the cyclic 
formula." 

Up to comparatively recent years urea was considered to be a product peculiar to animal 
metabolism; but the author ventures now, p. 120, “to make the sw'eeping assertion that 
urea is a constant product of the breaking down of vegetable protein during the germination 
of all seeds. 

“As Fosse has pointed out, the plant can be the seat of the two inverse phenomena of 
formation and destruction of urea. This condition, in all probability, can only obtain in 
young plants, since the function of urease is to destroy urea produced from proteins as the 
result of hydrolysis and oxidation. We can understand why certain leguminous seeds, so 
rich in protein, should also be rich in urease. Those seeds which, in the dormant state, 
do not happen to contain the enzyme ready formed, produce it, no doubt, in quantity during 
the process of germination. 

“Urease in its relation to vegetable protein is therefore comparable to zymase in its 
relation to starch. Whilst the latter enzyme is the active agent in the final breaking down 
of starch into the simple products alcohol and carbon dioxide, urease is the active agent 
in the corresponding resolution of protein into the simple products cyanic acid and carbon 
dioxide. The ultimate oxidation of alcohol to carbonic acid and water, from which the 
plant originally prepared the starch, and the hydrolysis of cyanic acid to carbonic acid and 
ammonia, from which the protein was originally prepared, these are changes with which 
the enzymes are not directly concerned," 

“In all cases where the formation of urea has been shown by the oxidation of protein 
matter, of an amino-acid, or of a carbohydrate in the presence of ammonia, Fosse (1919, 
1921) has demonstrated that cyanic acid is the precursor of the urea. Whilst the writer 
is not prepared to accept the theory of the formation of cyanic acid which has been put 
forward by Fosse (1919), which involves the intermediate production of hydrocyanic acid, 
the main point is the recognition of cyanic acid in all these oxidation changes. 

“It is obvious, as Fosse pointed out, that the urea molecule cannot participate in nitro- 
genous nutrition without suffering a preliminary decomposition, which is assumed to be 
the production of ammonia and carbonic acid by the action of urease. We know now from 
Fearon’s work that the action of the enzyme is limited to the production of ammonia and 
cyanic acid. If the latter, as suggested by the writer, is directly concerned in the building 
up of proteins, then its hydrolysis in the plant cells is a superfluous change. Interesting 
evidence in support of this view was given by the experiments carried out many years ago 
by Ville (1862). He showed that urea acted as a powerful stimulant to vegetation on plants 
grown in an artificial soil of sand. Urea was more efficacious than carbonate of ammonia, 
and its favourable results were manifested with great rapidity. 

“With ethylurea the results were very different: the growth was checked, the plants 
drooped and were stunted, the effect being the same as if the sand had not received the 
addition of any nitrogeneous material. The experiments were repeated a great number of 
times over a period of two years. The results did not vary. 

“Seeds were found to germinate in the ordinary manner in the presence of ethylurea, 
but as soon as the young plants put forth their first leaves, the extremities of these became 
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white and shrivelled, and the effect gradually spread over the rest of the leaf. The changes 
during germination being independent of the presence of an outside source of nitrogen, 
growth proceeded for a short time on normal lines,** p. 12 1. 

*^The absence of an enzyme capable of decomposing ethyurea at the ordinary tempera^ 
ture into ethylamine and cyanic acid explains Villens results in the light of modern investi- 
gations. Whilst the superior effect of urea, as compared with a simple salt of ammonia, 
in promoting vegetation is to be ascribed to its power of immediately supplying cyanic 
acid, the subsequent production of the latter from the ammonia generated at the same time 
requires consideration. 

^*The formation of cyanic acid by the oxidation of ammonia in the presence of carbo- 
hydrates is no doubt a slower reaction, at ordinary temperature^ than the decomposition of 
urea by urease. 

‘Tormaldehyde being the first product of carbon assimilation, the above change may 
be assumed to proceed on the following lines: — 


(I) H2:CO-fNH,* 


'H,:C 


/ 


OH 






(2) HjtC-.NH-fOj - OtC.NH-fH^O 

“It is probable that reaction (2) is brought about by the ‘catalytic’ effect of one or 
other of the different types of enzymes collectively classed as ‘oxidases”, and which are so 
widely distributed in plant cells. According to the theory presented here, it follow^s that 
so far as assimilation of nitrogfm from ammonia is concerned, the phenomenon is inseparably 
connected with carbon assimilation. 

“Takabayashi (1897) found that 0.50 percent solutions of carbonate of ammonia had 
an injurious effect on certain plants, such as barley, wheat, and onions, but this was counter- 
acted by supplying the plants with cane-sugar or with glycerol. Experiments with other 
ammonium salts (confirmed their injurious effect in the absence of sufficient sugar in the 
plant. 

“Since the function of the plant is to build up protein from urea, or from any other 
source of nitrogen available, it seems highly probable that the ‘formation’ of urea in de- 
veloped plants is accidental rather than intentional. Its occurrence is, in the writer's 
opinion, strong evidence of the production of cyanic acid as a first step m protein building,” 
p. 122. 

“W^hilst the ‘cyanic-acid-precursor’ theory of the formation of urea docs not preclude 
the formation of ammonia in the body from a source other than the hydrolysis of cyanic 
acid, it seems very probable that much of it (perhaps all) originates in this way,” p. 130. 

“The dehydration of ammonium carbonate or carbamate — it does not matter which — 
has been the favorite theory of the origin of urea. Since ammonium carbonate is not 
normally present in urine, urea must be assumed to be formed quantitatively from it by 
dehydration at the low temperature of 36®-37''. Now, in order to imitate this seemingly 
simple change in vitro, a high temperature and a high pressure are necessary, and even then 
the yield of urea is small. If the mechanism of the change is the same in viva and in vitro, 
we have no explanation for this difference. When the true origin of the formation of urea 
in viva is brought to light, we find no difference in the conditions under which the change 
can be effected outside the body, for the simple reason that the formation of natural and of 
artificial urea in the free state is similar in mechanism. 

“Most of the chemical changes taking place in plants and in animals are effected through 
the agency of enzymes. It is interesting to note that in every case where an enzyme, or 
the preparation containing the active elements which we call an enzyme, responsible for 
any de^ite chemical change has been isolated from its natural source, it is found to repro- 
duce the particular change in vitro under conditions no different as regard temperature, 
pressure, and nature of solvent, and on the same lines as in the living organism,” p. 13 1, 

“The reciprocal action of animal and plant life in relation to carbonic acid and carbon 
assimilation is well recognised. From carbon dioxide and water plants build up complex 
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carbohydrates from which animals derive energy in oxidising them to the two simple sub- 
stances from which they were formed. Similarly, plants absorb ammonia, which is oxidised 
in the presence of carbohydrates to cyanic acid, which is used in the building up of protein 
matter. Animals, by hydrolytic and oxidation changes, break down proteins to cyanic acid 
and ammonia, which are excreted as urea, from which plants again derive the necessary 
material to continue the cycle of changes,” p. 132. 

^*When HCl combines with NHj, the constitution of the product must not, in the 
writer’s opinion, be considered solely from the point of view of the valency of the nitrogen 
atom. Whilst the valency of the latter is assumed to be raised from three to four, the valency 
of chlorine is simultaneously raised from one to two — a co-valent eifoct in fact. The con- 
stitution of the salt may be represented by the expression 

H«±N Cl-H/^ p. 160. 

^Tt does not appear to be generally recognised that alkalinity of the solution is essential 
in order that urea may be decomposed by either a hypochlorite or a hypobromite. In a 
neutral, or even faintly alkaline, solution urea remains indifferent to the reagent, so far as 
the evolution of gas is concerned. The case is comparable to the behaviour of urea towards 
nitrous acid. We have seen that ivith the latter a change in the configuration of the urea 
molecule is necessary before oxidation can take place. A similar change apparently occurs 
before urea can l>e decomposed by a hypohalogenite. The excess of alkali commonly present 
may be assumed to bring about the required condition,” p. 171. 

In the last chapter, there are given sixteen experiments “selected to demonstrate the 
chief reactions of urea and to bring out the main facts which illustrate its properties and 
supply evidence of its [cyclical] constitution.” 

Wilder D. Bancroft 


Anorganische Chemie. By Fritz Ephraim. Second and third improved edition. 

cm] pp. Dresden and Leipzig: Theodor Steinkopff^ 19$3. Price: $3.00. 

The subject is presented in nine chapters: the elements; the halogen compounds; the 
oxides of hydrogen and the metals; the compounds of sulphur, selenium, and tellurium; the 
nitrogen, phosphorus, and arsenic group; the fourth group of the periodic system, and boron ; 
the rare earths; the intermetallic compounds; the radio-active elements. 

There are a number of things which are either well presented or of special interest to 
the reviewer. In fused lithium hydride the lithium is cation and the hydrogen anion, pp. 31 , 
704. The author distinguishes two groups of metals, so far as alloying w'ith hydrogen is 
concerned. With iron, copper, nickel, and platinum, the amount of hydrogen taken up at 
constant pressure increases with rising temperature, which is certainly surprising. With 
palladium and tantalum, the reverse is the case, p. 701 . “These alloy’s are absolutely metal- 
lic in appearance and in them hydrogen functions exactly like a metal. Hydrogen is mona- 
tomic in these alloys, which perhaps has something to do with the increase in solubility at 
higher temperatures, since it is chiefly hydrogen atoms that are taken up; and it is only at 
higher temperatures that there are enough hydrogen ions in hydrogen gas to make a distri- 
bution ratio possible.” One wonders whether monatomic, electrically neutral, hydrogen 
may not be metallic. The reason why solid or liquid hydrogen is not metallic may be because 
it is diatomic. 

Eleven pages, pp. 48-591 are devoted to colloids. Graphite is not considered a definite 
substance, p. 84. In fact the author shares Hulett’s view that carbon is really graphite. 
The author adopts the view of Kohlschfitter that in graphite the particles are arranged into 
fairly regular plates, while this is not the case in carbon black. .The author conaidm, p. 107, 
that in the formula for hypochlorous acid the chlorine and .oxygen are both joined to t^ 
hydrogen as well as to each other. He accounts for the reducing action of a i nmonia and 
araine by calling the dissociating compounds sources of nascent hydrogen, pp. 133, 483. 
Arsine, for instance, will precipitate silver from an aqueous silver nitrate s^utiem. Phos- 
phtne* arsine, and stibnine all behave the same way with silver nitrate, giving first a yefiow 
precipitate of unknown composition, and then metallic silver. 
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1‘he reaction between hydrogen and (‘hlorine is Iwlieved to lx* between hydrogen and 
chlorine, p. 154, and the effect of ultra-violet light is to split chlorine into atoms. Since 
previously illuminated chlorine reacts more rapidly than ordinary chlorine, it seems probable 
that exposxire to light enables the chlorine to destroy negative catalysts that may be present, 
such as osone, oxides of nitrogen, or traces of ammonia. 

There is a six-page exposition of the phast^ rule, mostly in small tyjxj, pp. 165-171, a 
somewhat longer one, p. 222, on Werner’s co-ordination theory, and a shorter one, p. 305, 
on the theory of oxidation, while induced reactions get half a [lage, p. 372, and the question 
of phosphorescence about the same, p. 415. The reviewer is delighted with the common- 
sense stand of the author. ^‘Phosphorescence is not a characteristic of th** sulphidc.s of the 
alkaline eartlis. They do not phosphoresce when pure but the mass ])hosphoresce8 when 
traces are prestmt of salts of the heavy. metal, bismuth and mangancsf‘ (oinpiounds, for 
instance. These latter determine t he color of the luminescence which may lx; orange, yellow, 
grexm or bluish, depending on the nature of the heavy metal." 

The green color of a solution containing ferrous chloride and nitric oxide is attributed 
to a compound formed with the anion of fcrrochlonde a<*id, FeC'b* 4N0‘, p. 539. The special 
action of aqua regia is considered due to nitrosyl chloride, p. 541. The oxidation by nitric 
acid in presence of nitrous acid is apparently due to nitrogen jH*roxide formed by the intei- 
action of the other two, p. 547. The splitting-off of oxygen from potiissium nitrate is an 
endothermal reaction; but the reaction betw^ecn ]:x>tasaiuin nitrate, sulphur, and carbon in 
the form of gunpow^der, is an exothermal one, p 555. While it is shown, p. 558, that nitrous 
acid oxidizes hydroxylaminc to nitrous oxide, it is not suggested that this is the w\ay in 
which nitrous oxide is formed during the r(‘duction of nitric acid. The author discusses the 
colors of ai'scnic sulphide to some extent ; but does not take up the more important question 
of the colors of antimony sulphide. 

“J]8pecially charaeterislie of silicon is the tendency of the ox>gen compounds to 
IK)lymerizc spontaneously. We know* monomolccular carbon dioxide but not monomolecu- 
lar silicon dioxide; onh' its polymeric forms, and the same is true of the other oxygen com- 
pounds. It is to the existeni'C of stable, gaseous, carbon monoxide, that carbon owes most 
of its important part in natun*. After it has undergone nunilK*rless chemical cliages in 
plants and animals, it apjx'ars as volatile carlnin dioxide, {X'liet rating everywhere and ready 
to start over again making organic comiiounds. In the cast; of silicon, however, the marked 
tendency to form oxygen comixiunds leads tmh' to ‘|K*trifaction.’ The numcTous carbon 
compounds bear witness to the manifold respon.s(‘8 of the carbon atom, while the natural 
occurrence of silicon in a solid form as silica or silicates is a direct result of the one-sided 
affinity relations of the silicon atom/* p. 610. 

While cuprous chloride solutions an; used in gas analysis for absorbing carbon mon- 
oxide, it is interesting to note, p, 629, that anhydrous cuprous chloride will not take up 
nitric oxide; one must have water in order to form C'uCl‘CO’2lI*(). On the other hand 
carbon monoxide serves to stabilize anhydrous cuprous oxidt‘, forming (^11*804 *2C0. The 
colors of the metal carbonyls vary surprisingly, and without any obvious reason, with the 
nature of the metal: Fe (CO) 4, green; Fej(C6)«, gold; Co(CO) 4, orange; Mo (CO) 6, color- 
less; Ru(CO)j, brown; and Ru(CO x, pink to orange. 

Of course there are shorty-comings, some natural and some rather unexpected. 
Weiser's work on phosphorus has been overlooke<l, p. 76, and the new method of making 
fluorine, p. 106. Under aluminum, p. 131, the author apparently believes that one could get 
aluminum if desired by electrolyzing cryolite, whereas cryolite is the sodium salt of alumino- 
ferric acid and sodium comes off at the cathode when this salt is electrolyzed. From the 
text one would imagine tliat people add aluminum chloride to the bath to prevent the action 
of fluorine on the anode and then add* aluminum oxide to prevent the evolution of chlorine. 
On p. 142 is the statement that zinc cannot be obtained economically by electrolytic methods, 
which will be interesting news to the Anaconda people. It is quite erroneous to state, p. 
146, that from an equimolecular copper-zinc solution, one gets a brass containing eighty per- 
cent copper unless one mentions the electrolyte. From such a sulphate solution one would 
get only copper. From the text, p. 170, one would gather that hydrated salts are always 
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Stable at their melting-points, whereas that is more often not the case. One should not lump 
sodium aluminate and sodium chromite together, saying that the solutions consist essential- 
ly of free alkali and colloidal oxide, p. 348. That is true for chromic oxide but not for alum- 
ina. On p. 581 is the statement that one gets nitrogen peroxide very conveniently by drop- 
ping formaldehyde into concentrated nitric acid. The reviewer does not question the 
accuracy of the observation; but this way of presenting the facts ignores the fact that 
nitrogen peroxide is probably not a direct reduction product of nitric acid. Under oxidation 
of ammonia, p. 534, there is no mention of the work of Parsons. 

The reviewer objects also to a paragraph on p. 694. *'As is well-known, alloys look 
outwardly very much like pure metals. It is an interesting fact that crystals often do not 
separate in a polyhedric form from the melt, but conic out in rounded forms because they 
have very high surface tensions, at least at high temperatures, and these surface tensions 
overpower the crystallizing forces. The surface tension decreases with falling temperature 
and therefore a compound comes out more spherical at higher temperatures and more 
crystalline at lower temperatures. From a copper-bismuth melt, copper separates in round- 
ed forms above 800®; but in polyhedric forms at lower temperatures.*' 

The surface tension of liquids decreases with rising temperature. We do not know 
anything about the surface tension of solids; but there is no reason to suppose that it in- 
creases with rising temperature. It is quite possible to define the melting-point as the 
temperature at which surface tension becomes too strong for the crystallizing forces without 
postulating that the surface tension increases with rising temperature. The proper assump- 
tion is that what we are calling the crystallizing force becomes weaker with rising tem- 
perature. 

Wilder 2 >. Bancroft 


Theoretical Chemistry. By WaUher Nernat Translated by L. IF. Codd. Eighth^ 
Tenth German edition. cm; pp. xx-\-92B. New York and London: Macmillan and 

Co.f 1923. Price: S7.00. “The present translation is based upon the 8th-ioth German 
edition. Eight years have elapsed Ijetween this and the previous edition. This fact, to- 
gether with the important advances of the past few years in various branches of physics and 
chemistry, necessitated an unusually thorough revision, and additions have been made to 
several chapters to bring the book up to date. Among the more important additions are the 
sections dealing with the structure of atoms, the applications of X-ray spectroscopy, and 
the determination of molecular dimensions. The chapters on radioactivity and the theory 
of the solid state have been largely rewritten, and many minor additions are also to be 
found.” 

The translator has republished the original preface but has omitted the later ones 
in which it was stated that the volume was dealing more and more with Nernst's own work. 
Since Nernst's German style was always uncommonly bad, it is a great help to the student 
to be able to get the subject matter in English. 

Nernst apparently does not share the view that reactions produce absorption bands, 
p. 400. “Baly has put forward the idea that tautomeric equilibrium gives rise to specific 
absorption bands. He supports this by the observation {inter alia) that neither the enol 
nor the keto form of acetoacetic ester shows by itself an absorption band, but that under 
the conditions when a tautomeric equilibrium, i.e. a quick mutual transformation, exists, 
an absorption band appears. But the fact that no similar phenomena have yet been fount) 
to attend chemical equilibria makes it more probable that the tautomeric change is accom- 
panied, perhaps to a very small extent, by the formation of new molecular species, which 
give rise to the absorption.” 


Wilder D. Bancroft 



LEUCOPLASTS; LIVING, REPRODUCING, PERFECT 
CHEMICAL CATALYSTS* 

BY EDGAR J. WITZEMANN 

It is the purpose of this paper to visualize in chemical terms the familiar 
operations of Icucoplasts as perfect living chemical catalysts. It is hoped, by 
restating the familiar in these physical chemical terms, that the viewpoint 
developed may constitute a preparation for a similar visualization of other 
chemical catalyses in living cells. This paper is also intended to be a contribu- 
tion to the study of the transition from crj’^stalloid to colloid properties pie- 
viously discussed in broader terrns^ 

( 1 ) . Introduction, Among t he enzymes hoM known chemically are those 
that are normally st'creted into the gastro-intestinal tract. The conditions by 
which the activities of these enzymes are modified are pretty well known, so far 
as the hydrolytic phase of their activities is concerned. On the contrary little is 
known about the reverse effect — namely condensation— as exercised by these 
enzymes in conditions that may hv considered normal for life®. More is known 
about the synthesis of estei^s by lipase than any of the condensation reactions 
here involved^. This may be due to the fact that the simpler chemical consti- 
tution of fatty acids renders them more immune to slightly unfavorable con- 
ditions than the sugars and amino acids, for instance. But whatever the rea- 
son, it is well known that these enzymes do not reverse the reaction to the 
point of equilibrium. They are therefore lacking in this important character- 
istic of a perfect chemical catalyst. One of the simplest possible explanations 
of this fact is the idea that chemical investigation has not yet surrounded these 
hydrolytic enzymes with t he proper conditions, in order to enable them to syn- 
thesize their substrata as efficiently as they hydrolyse them. This suggestion 
is also supported by the fact that synthetic reactions are caiTied out almost 
entirely within the cells by enz3unes in situ. The question at once arises as to 
whether we can view the chemical operations of any enzyme m situ with suffi- 
cient accuracy to determine whether it is a more perfect chemical catalyst 
under these conditions than in in vitro conditions. This paper constitutes a 
review of the best known chemical and biological facts concerning the synthe- 
sis and hydrolysis of starch in the living plant cell. The results clearly suggest 
that the enzyme functioning in situ, in this case, is more perfect in the accept- 
ed physical chemical sense than the common enzyme preparations with which 
we normally work. 

(2) . How is starchformedf* The commonest, readily hydrolysed, polysac- 
charides are the starch of plants and the glycogen most commonly found in 
animals. They differ most strikingly, however, in that the latter is generally 

'^Contribution from Otho S. A. Sprague Memorial Institute, Rush Medical College, 
Chicago, 111. 
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an invisible jelly while the former is made up of visible sphero-^rystals. The 
formation of the fonner has been much studied and is easily observed in com- 
parison with the formation of the more gelatinous glycogen in animal tissues. 
In plants starch appears in two visible relations. It appears temporarily as 
very small grains in protoplasm and in chloroplasts whenever sugar accumu- 
lates locally and it appears as larger more permanent starch grains in connec- 
tion with those other protoplasmic corpuscles known as leucoplasts. The 
young starch grain generally appears in the center of the leucoplast as a 
spherocrystal. Later the leucoplast often tends to become thicker on one side 
and the crystals assume various shapes depending on the circumstances. The 
situation may be graphically stated thus: The leucoplast is lying in a dilute 
solution of sugar while in its interior it is laying down (secreting)*^ a stable 
condensation product — starch — and is producing thereby a relatively enor- 
mous concentration of inert sugar locally. In chemical terms the leucoplast 
is a catalyst for condensation which has the power of selectively removing 
sugar from dilute solutions. There is nothing unusual in finding a system 
acting as a catalyst one of whose properties is the capacity to raise the con- 
centration of a component of the sulnstrate upon its surface or within its 
boundaries. The action of the leucoplast in this respect therefore coincides 
with what the colloid chemist calls adsorption. This adsorption lik(^ that of 
the colloid chemist may be positive or negative depending on the concentra- 
tion of the sugar solution with which the leucoplast is in equilibrium. When 
the sugar concentration outside the leucoplast falls through a slight range to a 
point below a certain critical level the adsorption Ixicomes negative in sign and 
the starch grains begin to undergo erosion. The main difference between the 
classical adsorption of chemistry and that of the leucoplast is that the conden- 
sation brought about by the latter is visible as starch, while in adsorption 
phenomena in general the fact that condensation or concentration occurs must 
be deduced mathematically®. 

The leucoplast thus constitutes an ideal chemical catalyst in that it 
catalyses the reaction in both directions depending upon chang(»s in the envi- 
ronmental conditions one of which is a slight change in the concfuU ration of 
the sugar solution in which it lies. In this sense it may also bo considered to be 
an ideal enzyme for sugar condensation such as has apparently never been 
isolated or tested under suitable conditions. Moreover since the leucoplast is 
apparently a somewhat differentiated portion of the general protoplasm^ we 
can identify this enzymatic or catalytic process as a chemical function of pro- 
toplasm. This identification is also supported by the fact that email granules 
of starch are said to be formed throughout the protoplasm of the cell upon 
slight provocation. These granules are more readily dissolved apparently than 
those formed in the leucoplasts, so that there appears to be some differentia- 
tion in this respect also, although this may be due merely to the well known 
greater solubility or solution tension of small crystals in the presence of larger 
ofies. 



LEX COPLASTS: THE PERFECT CHEMICAL CATALYSTS 


307 


3. Glycogen formaiion. Glycogen differs most strikingly from starch in 
Ixjing less sharply differentiated in aitu in the cell®, in being hydrolysed with 
great rapidity after the death of the organism, and is therefore in all ways more 
difficult of access. Like starch in plants, glycogen is present to some extent in 
all parts of the animal organism. The* greatest concentration occurs in the 
liver so that this organ in a semse takers the place of seeds, fl(\shy tubers, conns, 
bulbs, etc., of plants as a sp<‘cial storehouse for reserve carbohydrates. The 
cell ''organs^' in animals that corn^spoiul to tlu* leucoplasts in plants must be 
very numerous and efficic'ut in the livxT. These glycogen-forming elements in 
the liver have perhaps n(‘ver b(‘en described, but their (‘xistencc' is amply pro- 
vid(»d for by the comph'te analogy in all the relations as to constitution, pioi> 
erties, distribution, mobilization, (‘tc., of starch and glycogen. 

4. The role of organization in che^tiical catalyfiii<. It may b(‘ objected by 
sxune that in considering the leucoplast as a catalyst w(* hav(* moved the prob- 
lem of condensation in living organisms out of the field of chemistry. This is 
not true. We have mendy acknowledgcMl that a suitabl(» [)hysical state of 
organization and a suitable chemical environimuit is more' nec(‘s.sary to this 
catalytic* process than is commonly ri'alizc'd. In this respc‘(*1 it then r(*st'mbl(*s 
many well-known (’h(*mical catalysts which we have* ))ecome thoroughly 
accustomed to ‘^petting” in order to sustain thedr optimal activity. Tlie role 
of organization in oxidizing cataly.sts was pointcMl out by Warburg^ and by 
Battelli and Sterid'^ and is now generally accept(‘d. L then* any good reason 
for believing that the unknown oxidizing enzym(*s and catalysts in g(*neral 
operate on different principles from tho.sc* conc(Tn(*d with cond(*nsation and 
then*fore that one can .subject them to any kind of tn'atment and expect them 
to retain their activity ? 

This conceidion of organization in living organisms involves a suitable 
[diysical condition and generally a suitable admixture of other substances. 
These two conditions must also be met in chemical catalysis. Thus for in- 
stance the best catalyst for converting GO into GOs at ordinaiw temperatures 
is a mixture of four oxid(\s“, which, for unknown reasons, works better than any 
of the comporumts taki'n alone. The fact that a leu(*oplast is an organized 
mixture of substances in a suitable condition can tlu'refore not be used as an 
argument against its being a chemical catalyst, 

5. What makes the condensation reversible? We have pointed out above 
how t.he larger starch grains an* found in leucoplasts while those occurring in 
the general protoplasm are usiiall.y smaller. W(* have noted how rapidly they 
arc formed or disintegrated depending on conditions. We have also pointed 
out the fact that the variations in concentration of the sugar in the cell sap are 
sufficient, in terms of the little that we know about adsorption, to account for 
the change in sign of the adsorption (negative :5r±: positive) with fluctuations 
in the sugar concentrations. On the other hand it is well known that other 
components of the medium vary in concentration fully as much as the sugar 
does, that variations in the concentration of other substances modify the 
velocity of catalytic proce.s8es and that sugar is certainly not the only sub- 
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stance that can be differentially adsorbed by a leucoplast or by protoplasm in 
general. Thus it is well known that ions favor hydrolysis and OH"" ions 
are unfavorable to the hydrolysis of starch. If the concentration of these ions 
or their biological analogs varies in the medium then they will be adsorbed by 
the leucoplast in variable amounts and give rise to a secondary acceleration 
or retardation of the corresponding process in question. It is in this way and 
at this point that the presence or absence of internal secretions, etc., probably 
acts to inhibit or accelerate the hydrolysis or the formation of glycogen in 
animals. The variations of the concentration of these compounds in the 
medium gives rise to secondary variations in particular zones of chemical 
action depending on the adsorption relations of the phases in question to the 
chemical substances involved. 

These accessory agencies do not complicate the chemical picture of the 
simple underlying chemical processes. They take up the “slack'' or “lost 
motion" of the finer adjustments of the equilibrium and provide a mechanism 
for more readily maintaining the equiUbrium concentrations whenever they 
are disturbed. To attempt to discuss them in detail now, even if we were 
prepared to do so, would merely help us lose sight of the simplicity of the 
fundamental catalytic process. 

6 . The condensation hydrolysis equilibrium involved in the formation and 
mobilization of starch. The central point of interest in the chemical mystery 
of the formation of starch is the actual formation and deposition of the polymer 
starch. Plant physiologists have demonstrated repeatedly that a leaf that 
has been completely freed from starch by etiolation synthesizes enough starch 
from CO2 or sugar solutions in a few minutes after exposure to sunlight to give 
a positive iodine test for starch. In the hands of the chemist glucose can be 
slowly converted into polysaccharides only with the greatest difficulty'^. 
There are in this respect two types of substances (i) those like water that 
pol}Tnerizc and depolymerize freely and spontaneously, and (2) those like 
sugars that do not. If a substance naturally belongs to the second class there 
is very little that the chemist can do at present to move it into the first class, 
because the general subject of the catalysis of condensation equilibria is still 
wrapped in darkness. One interesting thing however stands out clearly: in 
plants, and probably in animals, glucose belongs to the first class. If we at- 
tempt to explain this difference in the two environments we presently hit upon 
the idea that perhaps substances of the second class require “preparation" for 
condensation such as is supplied by insulin in animals in the metabolism of 
glucose. The most effective agencies for catalysing chemical condensations 
in vitro are weak alkalies like ammonia, pyridine and alkali compounds in 
general. These are generally thought to give rise to a certain amount of highly 
reactive isomers, such as the enol forms of certain ketone derivatives, which 
then condense spontaneously. 

Without attempting to review the present unsatisfactory state of this 
problem in organic chemistry it is even now clear in about what direction the 
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solution of this mystery of spontaneous condensation is to be sought, although 
the answer can not be concretely discussed or demonstrated in vitro as yet. 

7. Hmv are leucoplasts for med?^^ In considering leucoplasts chemically 
we ought if possible know how they are made. 

Botanists generally btdieve that most starch is produced by leucoplasts 
(which they consider to be chloroplasts without chlorophyll), which are multi- 
plied and transmitted from cell to cell by division and are not formed de novo^*. 
The more recent view is that they arise by a demonstrable differentiation of 
''mitrochondria” (chondriosomes) which in turn have l^een observed in all the 
cells of the plants studied at all stages of development (even in pollen grains) 

The chemical differentiation involved is probably not great because it can 
only be demonstrated b^’’ the most recent and painstaking histochemical 
technique. But if either of those view’s is correct t he formation of leucoplasts is 
chemically simpler 

The existing leucoplasts simply grow by the addition of material until 
they become large enough to break up or divide due to the fundamental causes 
that make any particles in an emulsion break up. 1 1 is not hard t o add material 
to one phas(^ in a system without appreciably changing the composition of 
another phase. Or in other w’ords a given phase may grow in size and change 
in composition without appreciable growth or change in any other phase in 
contact and in equilibrium with it. Thu.s if we add oil to an ethcT solution of 
oil-in- water suspension we find, when the phases separate so that w^e can 
measure their volumes, that the ether layer has lieen increased. Very little oil 
dissolved in the water. If water is added instead of oil the results are equally 
simple but reversed. Moreover our illustration shows us that the phase that 
is increased is determined by the .solubility Halations of the component offered 
to the system. Leucoplasts can and no doubt do have a selective adsorption 
for some of the comixiunds of wdiich the^^ are built up (as wtII as for sugar) 
that will be great enough to cause' them to grow in a true physiological sense^*’. 
There is abundant chemical expi'rience with systems that l)ehave in the same 
physical ways that living systems such as leucoplasts do. Moreover the out- 
ward similarity pin’sists down to the observable limits of small objects. But 
no such systems however similar they ai'e outwardly carry the physiological 
traits of life. Our interest in these analogies is great how’ever because they 
give us a clear picture of how our living enzyme or leucoplast can function, 
grow and multiply without requiring us to bc^lieve that it docs so by virtue of a 
chemical behavior entirely unknowm to us. 

The botanist’s conviction that leucoplasts increase by division and that 
they are passed on from cell to cell practically in a preformed condition sim- 
plifies the whole problem as to their origin and existence in cells. The problem 
of increasing their number and activity then becomes one of suitable nutrition 
of those already present. Considerable progress has been and is being made 
in the study of enzymes by studying the nutritional factors that are associated 
with their minimal or maximal activity. 
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If on the other hand we accept the dissenting view, for which there is also 
considerable support^’ that although Icucoplasts divide, they may also arise de 
novo in the cytoplasm, the chemical conditions of their formation are materially 
and favorably changed. Under the former view promotion of development of 
leucoplasts by nutrition is hopeless if there are no leucoplasts present in the 
cell which can undergo division. Under the latter view it should be possible to 
promote their formation de novo by suitable nutritional adjustments in cases 
in which they were entirely absent from some of the cells. 

8. Application to diabetes. Aside from its interest in giving another 
clear view in the chemical study of enzymes the above discussion of the chem- 
ical nature of leucoplasts is of interest in the study of diabetes. The analogies 
of the formation of glycogen and of starch are, as was stated above, close. It 
has recentl}^ been found that the formation of glycogen can Ix' restored in dia- 
betes by the administration of insulin and it is therefore possible that insulin 
is an indispensable component of the '^glycogen leucoplasU^ system. In fact 
the recent isolation of insulin-like materials from yeast*^, from various other 
plants, from animals and from animal organs suggests that it may be a funda- 
mental component of protoplasm and perhaps a component of true leucoplasts. 
The available facts concerning insulin indicate that it res(nnbles enzymes in a 
general way. It is known that enzyme fonnation and enzyme activity are 
modified by nutrition. These and other facts, that we need not stop to enum- 
erate, raise the important question as to whether the growth and development 
of the various catalysts or enzymes involved in diabetes can be improved or 
restored, by suitable nutritional considerations. There are enough indica- 
tions that this question is capable of an affirmative answer to justify a long 
search, by those who have the experimental material in hand, for the defini- 
tive factors involved. 

g. Energy relations. After having made a qualitative survey of the prob- 
lem of starch and glycogen formation it is well to check up on the energy rela- 
tions. As soon as we turn to consider the problem in such terms it becomes 
almost glaringly obvious that the processes of the leucoplast as pictured in this 
paper show a beautiful conformity to the Law of Supply and Demand other- 
wise known in chemistry as LeChatelier’s Principle. This interesting general- 
ization is stated by Lewis^® as follows: ^^When a factor determining the equi- 
librium of the system is altered the system tends to change in such a way as to 
oppose and partially annul the alteration in the factor”. This law is a quali- 
tative statement of the Second Law of Thermodynamics and as such is prob- 
ably the most widely applicable generalization known concerning natural 
phenomena^. 

The most obvious factor involved in the phenomenon of condensation and 
hydrolysis here under discussion is the close relationship between the ebb and 
flow of sugar into the leucoplast and the supply and demand of sugar from 
other parts of the plant. There is here a spontaneous natural equilibrium 
between kinetic energy just stared in the form of potential energy as newly 
formed sugar, a less labile type of potential energy as starch and a more labile 
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form of potential energy as mobilized starch. Probably the newly formed 
sugar and mobilized starch are identical isomers of glucose. In other words 
we have an equilibrium involving two forms of potential energy obviously 
controlled by the Second Law of Thermodynamics, w^hich is strikingly visual- 
ized by the supply and demand concept. This principle of the chemical 
philosophy of plants may lie graphically represented thus: 

^ ( Physically labile, 

f ^ ^ chemically stable, 

C J non-diffusible, non-dialysable 

J ^ starch. 

This equilibrium also visualiz(‘s an interesting difTerentialion of energy 
which was more fully discussed in general terms in a previous paper-^ If we 
consider glucose and starch as two closedy related forms of potential energy we 
have in the low glucose concentration of the cell plasma an equally low inten- 
sity of energy coneiTitration, while with starch we have a highly concentrated 
form of glucose with a corr(‘sponding high intc^nsity of imtential (uiergy. 
Since hydrolysis is said to be an (wothermic reaction energy uscmI up in the 


Chemically labile, 
physically stable but diffusible, 
dialysable glucose. 


‘‘work” of condiuisation must bf* (halved from some other source. In the case 
of the leucoplast this may arise from the oxidation of part of th(' sugar. 

The tremendous sinqilicity and (‘fficiency of the (‘iHM-gy relations involved 
here and the jierfect “team work” with which the leucoplast “plays up” to the 
chloroplast iH^come more ov(‘ri)owering tlu* longer oih' considers thorn. It 
sometimes seems that if anything in 1h(‘ world is a inon* p(‘rfect physical chem- 
ical mechanism than one of th(^s(» it is undoubtedly the oth(‘r. 


Summary 

By considering the kmcoplast as the enzyme which catalyses the starch- 
sugar equilibrium we clarify the wdiole problem of (‘uzymatic condensation for 
ourselves and escape a nuinlxu* of difficulties. 

(1) Our enzynn* is a p(Tf(‘ct catalyst in a physical clK^mical sense. 

(2) It functions as a segregated corpuscle which is visible in the living 
cell and can not therefon* be an artifact arising from post-mortem changes. 

(3) It represent-s a differentiated function that is not so efficiently per- 
formed by protoplasm as a whole. 

(4) It multiplies within the c(dl by division (generally). 

(s) Its efficiency is no doubt due to its chemical constitution and its 
physical state of organization. Press juice containing leucoplast juice and 
other material more uniformly mixed could not a priori bo expected to function 
well in the formation of starch though it might hydrolyse jxilysaccharides 
rather well. 

(6) In this respect the leucoplast resembles the better known chemical 
catalysts (like platinum) which are highly active under suitable conditions 
but not so active or even entirely inactive under other conditions. 

(7) It is also interesting to note that the problem of condensation when 
viewed in its structural relations in this way parallels the observations of 
Warburg on the role of structural organization in vital oxidation. 
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In the later sections of the paper the possible existence of glycogen form- 
ing leucoplasts is briefly considered on the basis of analogy. The existing 
viewpoints on the origin of leucoplasts are further extended in order to discuss 
their formation in the cell. From any of the existing viewpoints as to their 
formation the problem of the primary formation and multiplication of such 
organized catalysts is for the present still a problem in nutrition. 

The qualitative relations developed conform in interesting ways with the 
qualitative statement of the Second Law of Thermodynamics known as Le 
Chatelier’s Principle. Furthermore the glucose starch equilibrium invol- 
ves an interesting differentiation of potential energJ^ 


* E. J. Witzemann: J. Phys. Chem. 26 , 201 (1912). 

* We know that condensation is quantitatively one of the mosi.abund^t as well as 
one of the most delicately adjusted types of reactions that take place in the living organism. 
All ^her life is organized on that basis. Condensation is the reaction that enables life to 
]:>ersiBt during periods of unfavorable fluctuations in the food supply. The facts are glaringly 
obvious from any point of view and yet we can not interpret tnem chemically bemuse we 
know little or nothing about condensation, even in chemistry. 

* Cf. W. M. Bayliss: ‘The Nature of Enz>Tne Action**. 3rd Ed. Chapter on reversi- 
bility of enzymes for other examples and fuller discussion. 

* The botanical facts here given will be found in J. Reynolds Greenes “Vegetable 
Physiology,” p. 224, 2nd Ed. (1907) or in F. Czapek's “Biochemie der Pflanzen,*’ 1 , 397 - 4*7 
(1913). A more extended review of the subject 01 starch is given in E. T. Reichert*s Mono- 
eraph: “The Differentiation and Specificity of Starches in Relation to Genera, Species, etc. 
Carnegie Institution of Washington, Publication No. 173 , pp. 17-163 (1913). 

® J. Reynolds Green: “Vegetable Physiology/’ p. 228, 2nd Ed. (1907). 

« W. D. Bancroft: “Applied Colloid Chemistry,** p. 24, for example. 

’ Cf. especially A. Guitliermond: Arch. Anat, Micro. 14 , 2509-428 (1913) on the for- 
mation of leucoplasts by differentiation of mitochondria (Chondriosomes). 

* J. Re.ynolds Green: “Vegetable Physiology/* p. 232. Glycogen in fungi sometimes 
separates as granules, “which to a certain extent resemble grains of starch ana which have 
been stated to originate in certain corpuscular bodies resembling leucoplasts. In most cases 
the deposition appears to be effected by the protoplasm”. 

* 0 . Warburg: Erg. der Physiol. 14 , (1914). 

Biochem. Z. 67 , 443 (1914). 

“ A. B. Lamb, W. C. Bray, and J. C. W. Frazer: J. Ind. Chem. Eng. 12, 213 (1920). 

J. IT. Nef: Ann. 403 , 223 (1914). 

* 3 ,See Lester W. Sharp: “An Introduction to Cytology,” pp. 104, 106, 109, 113, 
121, 122, (1921 ) for a summarj^ of the present status of the various views on the nature and 
ori|^ of leucoplasts. 

“There are some other small bodies which are free from coloring matter, and which 
form starch from sugar. We call all these protoplasmatic organs which are in the service of 
carbohydrate metaMism, Plctstids. As far as we know, they are never formed from other 
plasmatic parts. They always take their origin from mother plastids by cleavage”. F. 
Czapek: “Chemical Phenomena in Life,** p. 59. 

**Cf. GuiUiennond: Loc, cit 

The capacity of growth of leucoplasts presupposes a selective adsorption by leu- 
coplasts of the components of which they are synthesized . This however represents the 
transition from crystalloid to colloid properties within homologous series previously dis- 
cussed. Without attempting to discuss the case in detail we have here an apparently spon- 
taneous transition from the crystalloid state to the colloid state of the components of 
leucoplasts for the development of a catalyst (the leucoplast), adapted to enormously 
facilitate the transition of crystalloid sugar mto colloidal starch and vice-versa. So far as 
present knowledge goes the formation of the leucoplast is an autocatalysis. 

Cf. Sharp: Loc. cit. p. 118. 

” L. B. Winter, and W. Smith. (Prec. Physiol. Soc.) J. Physiol. 57 , XL (1923). 

Wm. C. McC. Lewis: “A System of Physical Chemistry/* Vol. 11 , p. 109,3^ EA* 

(1920). 

*®Cf. W. D. Bancroft: J. Am. Chem. Soc. 33 , 91, (1911) and W. C. McC. Lewis: 
Loc. cit. 

E. J. Witzemann: J. Phys. Chem. 26 , 201 (1922). 
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Coagulation of Negatively and Positively Charged Ferric Hydroxide Sols and 
of Negatively Charged Antimony Sulphide Sol by Electrolytes 


BY K. C. SEN, P. B. fiANGULY AND N. H. DHAR 

In previous parts of this series of papers’ several cases of charge reversal 
by electrolytes have been investigated. 

It has been shown in those communications that arsenious acid jjcptises 
freshly precipitated ferric hydroxide into a negatively charged sol, and it 
appears probable that the ars<'nite ion Ls the active agent in the peptisation. 
Biltz* studied the adsorption of arsenious acid by ferric hydroxide on precip- 
itating a sol by means of annnonium salts in presence of arsenious acid and 
.showed that the results agree with an adsorplion isotherm. Later on, Locke- 
mann and Paucke’ .studied the adsorption of arsenious acid by hydrated ferric 
oxide. Their method of experiment was to mix a solution of ferric chloride 
with the acid, and then to precipitate the ferric hydroxide by means of am- 
monia. They showed that ferric hydroxiih* adsorbs a great amount of arsenic. 
It will be oba«*rved that in both the methwls, there are considerable quantities 
of ammonium salts present. We decided to rejx'at these experiments using 
caustic soda as the precipitating agent to sc'e whether the amount of ad.sorption 
changes with the change of electrolyte. When, however, the theoretical 
quantity of alkali was added to a mixtun* of ferric chloride and arsenious acid, 
there was no precipitation of the hydroxule, nor did a slight increase in the 
amount of alkali cause precipitation. On re|M*ating th(‘ experiment with 
ammonia as the precipitating agent, an immediate precipitation of ferric 
hydroxide was obtained. 

In view of this surprising result, the subject has Ikhmi thoroughly investi- 
gated. It has found.that by using caustic soda as the precipitant, when the 
amount of AsaO,^ in solution exceeds alwut 0.40 grm p<'r i gr of FejOj, a 
colloidal solution of ferric hydroxide is obtained. If the |>roportion is le.ss, 
partial colloid formation takes place. Concentrated sols containing 10-12 
grms FejO* per litre have been prepared simply by taking a concentrated 
solution of ferric chloride mixed with the proportionate quantity of AsaOj and 
adding a slight excess of caustic alkali. The mixture is then dialysed. 

The sol is negatively charged and sodium chloride or sodium hydroxide, 
unless in very high concentrations, has a very small coagulating power on this 
sol. Ammonium salts cause immediate precipitation and this explains the fact 


* Sen uul Dhar; Kolloid-Zeit. (1923), Dhar and Sen: J. Phys. Chem. (1923). 
’Ber.37,3138 (1904). 

* Kolloid-Z. 8, 273 (1911). 
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that the experiments of Biltz and of Lockemann and Paucke could only be 
successful because they used ammonium salts and ammonia as the precipitat- 
ing agents. The sol is extremely sensitive to bivalent and trivalent electro- 
l3rtes, and is very suitable for coagulation experiments. That it is really a case 
of charge-reversal has been shown by taking positively charged sol prepared 
by the ordinary method of boiling a ferric chloride solution, adding the requi- 
site quantity of arsenious acid, and then mixing it with caustic soda solution, 
slightly in excess of that required theoretically. Arsenious acid acts as a pro- 
tecting agent, and no coagulation occurs. It has been already shown that 
negatively charged ferric hydroxide can be obtained by the action of alkali on 
a mixture of a ferric salt and gl3^eerine or sugar’. Moreover, it was also been 
stated that arsenious acid can peptise freshly" precipitated ferric hydroxide to 
a negatively charged sol. Evidentl^’^ the alx)ve method of preparation as 
described in this paper is ideally a joint action of the two peptizing agents. 

I. Preparation of the negatively charged Ferric Hydroxide Sol. 

10 ec of FeCls solution containing 0.5 gram Fe203 (about 1.88N) wa.< 
mixed with 75 cc AS2O8N/16.07 solution and put in a stopjXTed bottle; 25 cc 
of normal caustic soda was slowly added to the bottle, and the bottle was 
vigorously shaken. The sol was perfectly clear and of a dark reddish-brown 
colour. On standing for two days, the sol was dialysed through a parchmen 
dialyser with frequent changes of extremal water. After about six days the sol 
was practicall^’^ free from chloride. The external water showed no turbidity 
when treated with silver nitrate. On taking a portion of the sol and dissolving 
the iron in nitric acid, and adding silver nitrate, very slight opalescence was 
observed after sometime. This very small quantity of chloride could not be 
got rid of by further dialysis. Large amounts of arsenious acid, however, 
remained with the colloid, which could not removed. The charge on the sol 
was found to be negative. Measured quantities of this sol were diluted and 
used for coagulation experiments. The sol was not alkaline to litmus. Stable, 
negatively charged ferric hj^droxide sol can be readily obtained by shaking 
aqueous solutions of sodium arsenite or of sodium tartrate, or of sodium 
citrate with freshly precipitated and well washed ferric hydroxide. The effect 
of solutions of other electrolj’tes on freshly precipitated ferric hydroxide is 
being investigated. Several investigators have studied the conductivity of 
positively charged colloidal ferric hydroxide. Duclaux^ proved that this sol 
has a fairly high conductivity. By filtering the colloid through collodion 
membranes, it was found that the conductivity of the filtrate was not appre- 
ciable.* Pauli and Matula^ have applied the micelle theory to this colloid. 
We determined the conductivity of the negatively charged sol and the follow- 
ing table gives the conductivity data of the negatively charged ferric hydroxide 

‘ Sen and Dhar: loc. cit. 

*Compt. rend. 140 , 1868, 1544 (1905); Kolloid-Z. 3, 126 (1908). 

» See also Zsigmondy: “Chemistry of Colloids”, p. 166 (1917). 

^ KoJloid->Z. 21, 49 (1917). 
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sol. The original sol was gradually dilutc‘d, and honc(> th(* conccTitration of 
arsenious acid also changed in the same proportion. 

Temp. 30® C Conductivity of water used = 6X approx. 

Conductivity of N/16 07 arsenious acid = 22 X IO~^ the value is slightly 
higher than that of Wood*. 


Cone, of C"oll(M(l 
gr F02O3 pf*r 

(0 4 S 45 

(2) 2.2725 

(.0 I 1362 

(4) 0.5681 

(5) o 2840 


CondiK'tivity 

244 2X10 — 6 
13Q 5X10-6 
73 Xio — 6 
48 8X 10 — 6 
30 5X10 — 6 


In view of the fact that no <u)agulation ex|KMinient has yet been made on 
an ordinary sol, th(^ charg(‘ <if which has bcMm reversed it was thought advisable 
to study thf» (dfeet of difh^n^nt (»leetrolyt('s on this sol. The results would be 
interesting because a comparison could be made between the coagulation 
powers of difFf»r('nt electrolyt(\s on the* positively charged and the negatively 
charged sols. The Schulze-Hardy rule caii also 1 )(‘ v(M*ified. The coagulative 
powers of electrolytes wh(m the concentration of th(' sol is varied^ have also 
been studiefi. 

In a foregoing pa{)er" the coagulation of negativ(‘ly charg(»d manganese 
dioxide sol has been invest igatcul from the abov(' points of view. 

About eightei'n electrolyte's have been used in these' e*xperiments. The' 
methotl of dede'rmining the minimal cone'entration of ele'Ctrolytes necessary 
for complete e'oagulation was the titratiem medhoel of Pictem and Linder. 
5 cc of the sol was taken frenn a burette into ch'an test tuln's, anel drop by drop 
the electrolyte was adeleel freun a i cc pifK'tte e^alibrated in hundre'dths of a cc, 
the test tube iM'ing shaken after e^ach aeldition. It has ben'ii observeel that 
whether the electrolyte is ad<led slowly or the whole of it at once, tin' minimal 
concentration of electrolyte necessary for coagulation does not change appre- 
ciably in the majority of cases; but in some cases there is a slight difference. 
In these latter cases a mean of several dt'terminations has been taken. The 
coagulating point is very sharp and hence the titration method of determining 
coagulation power of electrolytes gives fairly accurate and comjmrative 
results. The stn'ngth of the electrolytes has been varied so that the resulting 
volume may not be unnecessarily largc» thus diluting the colloid to any con- 
siderable extent. The coagulative powers have In'cn expressed as the inverse 
of the numl>er of gram molecules of electrolytes in the total reaction mixture 

The following results were obtained. 


* J. Chem. Soc. 93 , 41 1 (1908). 

* Ganguly and Dhar; J. Phys. Chem. 26 , 700 {1922). 
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Table I 


Strength of the Sol = 

=0 . 22725 gr FejO* per litre (A/2) 


Temp. = 

= 3o“C. 



Salt 

Cone, 

Vol. added in cc. 

Coaxuiative Power 

KT 

N/io 

0.28 

188.6 

NH4CI 

N/io 

0.13 

395 a • 

KBr 

N/10 

0.22 

237 5 

KCl 

N/io 

0.485 

1 13. 1 

KCNS 

N/io 

0.24 

219.2 

NaCl 

N/5 

0.41 

659 

K*S 04 

N/10 

0.249 

105.49 

NaOH 

N 

0.39 

13.8 

HCl 

N/ioo 

0.06 

8474 

AgNOa 

N/iii 

0.05 

II 2 II 

BaCU 

N/ loi 

0.02 

1269 

SrCU 

N/io 

0035 

725 

HgCU 

N/ioo 

0.06 

4219.4 

CeCI* 

N/ 100 

0.035 

4796 

MnSOa 

N/ioo 

0.02 

12562.5 

ZnS 04 

N/io 

O.OI 

2512.5 

UO,(NOj)2 

N/io 

O.OI 

2512.5 

AljfSOa), 

N/ioo 

0.015 

11148. 


Table 11 


Strength of the Sol= 

0.4545 gr FejOa 

per litre (A) 


Temp. = 30' 

'C. 



Salt 

Cone. 

Vol. added in cc. 

(\)!igulative Power 

KI 

N/io 

0.54 

100.6 

NH4CI 

N/io 

0.27 

1955 

KBr 

N/io 

0.39 

138.2 

KCl 

N/io 

0.85 

68.82 

KCNS 

N/io 

0.48 

1 14 . 1 

NaCl 

N/s 

0.82 

34-9 

KjSOa 

N/io 

0.52 

53 09 

NaOH 

N 

0.74 

7-7 

HCl 

N/ioo 

0.125 

4098 

AgNOa 

N/iii 

0.13 

4380 

BaCU 

N/io 

0.02 

1269 

SrCls 

N/io 

0.055 

460 

HgCl* 

N/ioo 

O.IO 

2550 

CeCla 

N/ioo 

0.08 

2115-3 

MnSOa 

N/ioo 

0.04 

6305 . I 

ZnSOa 

N/io 

0.015 

167a 

UO*(NO,) 

N/io 

0.03 

838.9 

A 1 ,(S 04 ), 

N/ioo 

0.06s 

3598 
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Table III 


Strength of the 801=0.909 gr FejOs per litre (2 A) 
Temp. = 3o®C. 


Salt 

Cone. 

Vol. added in rc. 

(Coagulative Power 

KI 

N/io 

0.45 

121 . 1 

NH 4 C '1 

N/io 

0.28 

188.5 

KBr 

N/io 

0.41 

131-9 

KCl 

N/io 

0.91 

64.9 

KCNS 

N/io 

0-53 

104.2 

NaCl 

N/s 

0.80 

36.2 

K,S04 

N/10 

0.60 

53-55 

NaOH 

N 

0.5* 

10.8 

HCl 

N/ioo 

0. IQ 

2732 

AgNOa 

N/ni 

0 085 

6660 

BaCU 

N/io 

0 02 

1260 

SrCn, 

N/io 

0055 

460 

CeCU 

N/ioo 

0 10 

1700 

HgC'U 

N/100 

0 195 

1332 

MnS04 

N/ioo 

0.045 

5611.5 

ZnS ()4 

N/to 

0.015 

1672 

UOj(NO.)2 

N/io 

0.04 

630.5 

au(S 04 ), 

N/ioo 

0.08 

2117.6 


Table IV 


Showing the Variation of Coagulative Powers with theConcentration of the Sol. 

Salt 

CJonc. of tSol, «A/2 

Cone, of Sol. = A 

Cone, of Sol. «A2 


(0.22725 gr Fejo,) litre 

Coagulative Power 


KI 

188.6 

100.6 

121 . 1 

NH 4 CI 

3 Q 5-2 

195 5 

188.5 

KBr 

2375 

138.2 

131 9 

KCl 

1131 

68.82 

64.9 

KCNS 

219.2 

114.1 

104.2 

NaCl 

659 

34.9 

36.2 

K,S04 

105 49 

53 09 

53-55 

NaOH 

13.8 

7-7 

10.8 

HCl 

8474 

4098 

2732 

AgNO, 

11211 

4380 

6660 

BaClt 

1269 

1269 

1269 

SrCl, 

72s 

460 

460 

HgCl, 

4219.4 

2550 

1332 

CeCl, 

4796 

21153 

1700 

MnS04 

12562.5 

6305 • I 

5611.5 

ZnS04 

2512 s 

1672 

1672 

UO,(NO,), 

3512.5 

838. Q 

630 • 5 

A1,(S04). 

11148 

2598 

21T7.6 
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II. Preparation of positively charged Ferric Hydroxide Sol. 

The sol WHS prepared after the manner of Krecke' by the gradual addition 
f»f a concentrated solution of ferric chloride to a large volume of boiling water 
which was kept well stirred. The sol did not give anycolouration with potas- 
si mil fcrrocyanide. The sol, however, contains hydrochloric acid and to 
remove it, it was dialysed. After six days the dialysed sol was found to be free 
from electrolytes. The dialysed sol was found to have gained in intensity of 
colour and it could be concentrated to any desired strength by boiling. 

2 N solutions of potassium nitrate and barium chloride; N/200 solutions 
of zinc sulphate, cadmium sulphate, potash alum, magnesium sulphate, potas- 
sium oxalate, N/2000 solution of sodium citrate, N/4000 solution of potassium 
ferricyanide, N/3 .4 solution of potassimn hydroxide and i 2N solution of 
hydrochloric acid, were prepared. The quantities of these electrolytes neces- 
sary to coagulate 5 cc of the ferric hydroxide sol were determined by a series 
of trial experiments. 5 cc of the ferric hydroxide sol were placed in each of 
several test tubes. Measured quantities of the electrolytes were run into a 
series of labelled tubes, the volume in each of which was made up to 6 cc with 
addition of water where necessary. The electrolyte solutions were then rapidly 
added to the sol and the two thoroughly mixed by transferring from one tube 
to another several times. The strength of the ferric hydroxide sol was deter- 
mined by coagulating the sol by means of ammonium chloride and then weigh- 
ing the dried coagulum as Fe203. The experimental results are given in the 
following tables. 


Table V 
Dialysed Sol 

Strength of Sol = 0.25 grm of Fe20.^ per litre (A/2) 


Electrolytes 

Cone. 

Vol. required for coagulation 

KNOa 

2N 

3 0 cc 

BaCl, 

2N 

3.2 cc 

HCl 

1.2N 

4.9 cc 

KOH 

N/3.4 

0.8 cc 

ZnSO. 

N/200 

0.65 cc 

CdSOn 

N/200 

0 . 60 cc 

MgSO. 

N/200 

0 . 80 cc 

K. Alum 

N/200 

0.7s cc 

K2. Oxalate 

N/200 

0.6 cc 

Naj. Citrate 

N/2000 

3.2 cc 

KjFe(CN)s 

N/4000 

3 5 cc 


* J. prakt. Chem. 3, 286 (1871), 
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Table VI 
Dialysed Sol (A) 


Strength of Sol -0.05 grins of FejOa per litre. 


Klcctrolytc 

Cone. 

Vol. required for coagulation 

KNOj 

2 N 

2.75 cc 

BaC'U 

2 N 

3 IS cc 

HCl 

I 2 N 

5 CC 

KOH 

N/3.4 

0.6 cc 

ZnS04 

N/200 

0.7 cc 

(’dS 04 

N/200 

07 cc 

MgS 04 

N/200 

0.6 cc 

K. Alum 

N/200 

0.75 cc 

K. Oxalate. 

N/ 200 

0.58 cc 

Na*. Citrate 

N/2000 

3 75 cc 

K,Fe(C;N)„ 

N/4000 

4.2 

Strength of Sol = i gin of FcjOa 

ElertrolyU- 

TABLF4 VII 

Dialysed Sol 

per litre (2 A) 

Cone. 

Vol. required for coagulation 

KNO, 

2 N 

2.5 cc 

Bad, 

2 N 

2.75 CC 

HCl 

I ,2 N 

4.7 CC 

KOH 

N/3.4 

0 5 CC 

ZnS 04 

N/200 

0.75 cc 

CdSOa 

N/200 

0 75 cc 

MgSOa 

N/200 

0 . 65 cc 

K. Alum 

N/200 

0.8 cc 

K«. Oxalate 

N/200 

0.75 CC 

Naa. Citrate 

N/2000 

6 CC 

K,Fe(CN)5 

N/4000 

6.3 cc 


Table VIII 


Electrolyte 

Cone 

Volume required for coagulation 


1 

Sol a/2 

Sol A 

Sol 2A 

Sol 4A 

Potassium 

Oxalate 

N/2000 

6.0 cc 

5-9 cc 

7.8 cc 

12 CC 
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Table IX 



Dialysed Sol 

Undialysed Sol 

Electro- 

lyte 

CC. of electrolytes required 
for coagulation 

cc. of electrolytes required 
for coagulation 


Sol A/2 Sol A Sol 2A 

Sol A/2 Sol A Sol aA 

KNOs 

2 N 3 . occ 2 . 5 cc 2 . 2 cc 

6.1.CC S-icc — 

BaCl} 

2 N 3.2CC 2.7SCC 2.5 cc 

7.2CC S 3 CC — 

MgS 04 

N/200 o.8cc o.6cc 0.65CC 

i.6cc 2.8 cc — 

CdS 04 

N/200 o.6cc 0.7CC 0.7SCC 

1 . 8 cc 2 . 4 cc — 


Dialysed Sol 

Nag. Citrate N/2000 3.2 cc 3-7SCC 6.occ 

K3Fe(CN)6 N/4000 3 sec 4.2 cc 6.3CC 

ni. Negatively charged Antimony Sulphide Sol: 

Colloidal antimony sulphide was prepared by Picton* about thirty years 
back. He had also examined its properties, but his observations were purely 
of a qualitative nature. In the following experiments the coagulating powers 
of various electrolytes on antimony sulphide sols of three different concentra- 
tions have been studied quantitatively. 

Preparation of the sol: — 

The sol was prepared by a slight modification of the original method of 
Schulze. A dilute solution of potassium antimony tartrate was slowly dropped 
from a burette into a saturated solution of sulphuretted hydrogen in water 
through which a current of sulphuret«d hydrogen was also being passed. An 
orange-red sol was obtained which was freed from sulphuretted hydrogen by 
a cuixent of hydrogen. It was noticed that a very brisk current of hydrogen 
sulphide at the beginning tended to precipitate some of the antimony sulphide, 
but after the experiment had gone on for some time, the current of hydrogen 
sulphide could be made more rapid without any such precipitation. The sol, 
however, contained tartaric acid and its potassium salt. Attempts were made 
to remove the acid and its salts by dialysis, but after a fortnight the resulting 
sol was found more unstable than the original undialysed sol. It was not 
found possible to prepare stable sols, the antimony content of which corre- 
sponded to more than eight grams of antimony potassium tartrate per litre, 
by this method. Below this concentration, however, quite stable sols are 
obtained which keep for a considerable period. If kept for some time, mould 
grows in the solution and cany down certain amounts of the sulphide along 
with it. Moreover it has been found that time has a very definite aging effect 


> J. Chem. Soe. Cl, 137 (1892). 
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on the sol. Hence it is necessary to prepare the sol each time when it is re- 
quired for use. Fresh solutions so prepared are in all respects quite suited for 
coagulation experiments 

N/s NaCl and LiCl; N/ioo Co(NO.,)2, Ni(N03)2, SrC'U, ZnS04, MgS04, 
BaCNOa)* Pb(NOs)2, Al(N03)3;N/io Th(N03)4 and N/25 U02(N03)2 were 
prepared. The quantity of each of the above electrolytes that would coagu- 
late 5CC of the sol in four hours, was found out as the result of several trial 
experiments. 5CC of the freshly prepared sol were placed in the required num- 
ber of tubes and the necessary amount of electrolyte added by means of a 
fractional pipette, water being added wherever necessary" to bring up to the 
same total volume. Sols of antimony sulphide of three different conciuit ra- 
tions corresponding i-espectively to 4,2 and i grams of antimony potassium 
tartrate per litre were studied in the above manner. 

The experimental results are given in the following table. 


Table X 


NaCl 

N /5 

Sol. « igr. of 
antimony pot. 
tartrate per 
litre 

eo. Time in 
hour.s 

1-4 5 

So). = 2 gms. of 
antimony pot . 
tartrate per 
litre ( 2 A) 

oc. Time in 
mons. 

• 8 s 4-S 

Sol. = 4 gms of 
antimony pot 
tartrate per 
litre f 4 A) 

CO Time in 
hours 

. 55 3 5 

LiCl 

N 

.3 

4 

25 

5 

T75 

5 

Co(NO,), 

N/ioo 

45 

4 

•5 

3 

•55 

.5 

Ni(NO,), 

N/ioo 

• 5 

5 

.6 

5 

^5 

5 

SrCIj 

N/ 100 

•55 

3*5 

•55 

5 

•7 

4 

ZnSO« 

N/ioo 

.6 

4 

7 

5 

•75 

4 

MgSO. 

N/ioo 

.4 

3 

35 

5 

■325 

4 

Ba(NO,)* 

N/ioo 

.5 

4 

•5 

5 

•45 

3-5 

Pb(NO,)2 

N/ioo 

,6 Immediate 

.8 Immediate 

I 2 

Immed 

Al(NO,), 

N/ 100 

.025 

4 

.04 

4 

05 

3-5 

UO*(NO,), 

N/25 

4 

3 5 

•55 

4.5 

.9 

4 

Th(NO ,)4 

N/io 

.225 

5 

•325 

4-5 

.575 

4 


Discussion of Results 

An examination of Table I gives the following order for the coagulation 
powers of different electrolytes on the negative ferric hydroxide sol; — 

MnS 04 >AgNO, >Al 2 (S 04 ) 8 >HCl>CeCl 3 >HgCl 2 > ZnS 04 >U 02 (N 03 ) 2 > 
BaCl2> SrCl2> NH4C1> KBr > KCNS> KI > KC 1 > K2SO4 < NaCl> NaOH 
From Table II, the order is:-MnS04> AgN03>HCl> Al2(S04)3> 
HgClt> CeCl3> ZnS 04 > BaCl2> U02(N03)2> SrCl2> NH4C1> KBr > KCNS 
>KI>KCl>K2S04>NaCl>Na0H; where as Table III gives another 
order: — 

AgNOs > MnS04 > HCl > Al2(S04)3 > CeCla > ZnS04 > HgfJb > BaCU > UO2- 
(NO,)t> Sra»> NH4C1> KBr> KI> KCNS> KC 1 > K2S04> NaCl> NaOH. 
From the experimental results it appears that the Schulze-Hardy law is 
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partially applicable in this case. Thus in the first two tables, divalent manga** 
nese comes first and then monovalent silver. In the third table monovalent 
silver has the greatest coagulative power. Again monovalent hydrogen ap- 
pears to have great coagulative power, coming between aluminum and cerium 
in the first table, and before aluminium in both the second and the third tables. 
Silver and hydrogen both have greater coagulative powers than divalent 
barium, strontium, zinc, etc. These facts are opposed to the so-called law of 
Schulze and Hardy. In the case of the positively charged sol, the position of 
hydrogen is not anomalous as will be shown later on, HCl behaves like other 
univalent electrolytes; whilst the position of OH' ion is anomalous in the 
positively charged sol. 

An examination of the three Tables given above also reveals another inter- 
esting fact. The concentration of the sol changes markedly the order of 
coagulative powers of different electrolytes. Thus in Table I (Cone A/2), 
aluminium sulphate comes before hydrochloric acid, cerium chloride before 
mercuric chloride, zinc sulphate and uranyl nitrate have equal coagulative 
powers and come before barium chloride; whereas in Table II (Cone. A) 
hydrochloric acid comes before aluminium sulphate, mercuric chloride comes 
before cerium chloride and uranyl nitrate comes between barium chloride and 
strontium chloride. In Table III (Cone. 2A), however, there is a further 
change of order. Thus silver nitrate comes off before manganese. Both 
cerium and zinc come before mercury. Among the monovalent electrolytes 
potassium iodide comes before potassium thiocyanate. Thus it will be seen 
that change in the concentration of a colloid affects markedly the precipitat- 
ing power of electrolytes. Recently, Ganguly and Dhar^ have also found in 
the coagulation of manganese dioxide sol change in concentration of the sol 
has also a great effect on the order of coagulative powers of different electro- 
lyses. 

Since the sol is negatively charged it is obvious that the cations are the 
active agents in coagulation. It is however possible that the anions do take 
some part, counteracting the effect of the cations to some extent. Thus from 
the first two tables the ol der of coagulative powers when the cation is the same 
is as follows:-- KBr> KCNS> K I> KC 1 > K2SO4 

In the third table there is a slight divergence, KI coming before KCNS. 
This means that the SO 4 ion has the greatest protective effect, which is as it 
should be. It appears therefore that in determining the coagulative powers, 
the effect of the opposite ion must be taken into account. 

In some recent papers Burton*^ and his coworkers have shown that for 
monovalent ions the concentration of ion necessary for coagulation increases 
with the decreasing concentration of the sol. In the case of divalent ions the 
values of coagulating power remain approximately the same, in spite of the 
change in the concentration of the sol, whereas in the case of trivalent ions, 

‘ J. Phys. Chem. 701 (1922). 

* J. Phys, Chem. 24, 701 (1920); 25, 517 (1921). 
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there is a direct proportionality between the concentration of the sol and the 
concentration of the precipitating; ion. The curves of the results obtained by 
us are given herewith (See Figs, i, 2, 3). 


It will be observed that for mono- 
valent ions, there is a steady increase in 
the coagulative powers of KCl, KBr, KC- 
NS, NH4CI, and HCl with decreasing con- 
centration of the sol. With NaOH, NaC'l, 
AgNOs and KI there is at first a decrease 
and then an increase'. In the ease of 
K2SO4 at first it is practically (^cmstant 
and then with further decrease in the 
concentration of the sol there is an in- 
crease in the coagulative power. (languly 
and Dhar (loc cil) have also found, that 



in the coagulation of MnOj sol, th(‘ coag- 


Fig I 



Illative powers of Kl and NaCd at first decrease and then slightly increase. 
The above results are therefore quite opposed to the rule of Burton and 
his coworkers. 

Sodium chloride and sodium hydroxide have very small coagulative 
powers, whereas the coagulative power of ammonium chloride is about six times 
that of sodium chloride. 

In the case of bivalent salts, the coagulative f)Owers of barium only 
remain constant. The coagulative powers of zinc strontium, mercury man- 
ganese and uranyl ion rapidly increase with the dilution of the sol. These 
results are also opposed to the conclusions of Burton and his coworkers. 
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Two trivalent salts have been examined viz., aluminium sulphate and 
cerium chloride, and in both the cases, the coagulative powers increase with 
the decrease in the concentration of the sol. 

Applying Whetham^s rule^ to manganese dioxide sol and taking the cases 
of potassium chloride, cadmium chloride and alum, the ratios between the 
coagulative powers^ come to about 1:2:3. following table some of the 

results obtained with negative ferric hydroxide sol are given. The trivalent 
electrolyte is strontium chloride and the trivalent electrolytes are cerium 
chloride and aluminium sulphate. X is the coagulative power of the trivalent 
ion compared to the monovalent ion as i. 


Concentra- 
tion of Sol. 

Monovalent 

Electrolyte 

X 

X* 

(Calculated) 

X* (Coagulative power of 
trivalent electrolyteB) 
observed 


KI 

4-5 

20.25 

CeCU 

AUCSO.), 

A 

KCl 

6.6 

43 s 

21 

25.8 





30-7 

37-7 

A 

KCNS 

4 

16. 

18.9 

22 . 7 

2 

KCl 

6.4 

40.9 

42.4 

— 


Kl 

3.8 

14-44 

14-03 

17-3 

2 A 

NH4CI 

2.3 

5-76 

8.9 

11.06 


KBr 

3-4 

11.56 

12.5 

iS-S 


KCNS 

4.4 

19-36 

. 6.3 

20.2 


It will be observed therefore that in these cases the results agree to a 
certain extent Whetham’s rule. The discrepancies, in other cases, are large 
and it is well known that the rule is more or less qualitative. 

Positively charged ferric hydroxide sol: 

The coagulation in this case is brought about by the neutralisation of the 
charge on the sol by the anions. An examination of the foregoing experimental 
results shows that the ratio between the coagulative powers of the monovalent 
nitrate, the divalent sulphate and the trivalent citrate ions are as i :iooo:i5oo. 

There is thus a very marked difference between the coagulative powers of 
mono, di, and trivalent ions, and in this the Schulze-Hardy law is borne out. 
But the ratio between the coagulative powers do not conform to the geometric 
series of Whetham, viz., that the precipitation concentration of mono, di, and 
trivalent ions are in the ratio of K*:K^:K, K being a constant. Thus whilst 
the divalent sulphate is about 1000 times more active than the monovalent 
nitrate, the trivalent oitrate ion is only 1500 times more reactive than the 
nitrate. In other words, the trivalent citrate ion is only 1 , 5 times more active 
than the divalent sulphate ion. This value is far less than what is required by 
Whetham^s rule. 

' Whetham: Phil. Mag. (5) 48 , 474 (1899). 

* Ganguly and Dhar: loc. cit. 
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An examination of the volumes of electrolytes required for coagulating 
sols of ferric hydroxide of different strengths shows that for the monovalent 
anions nitrate and chloride, the quantity of electroljd.es required for coagula- 
tion gradually increases as the sol becomes more and more dilute and so far it 
follows Burton and Bishop^s rule (loc cit). The difference, however, between 
the volumes of the monovalent electrolytes is not very great. Thus as the 
concentration of the ferric hydroxide sol becomes double, the quantity of 
potassium nitrate decreases from 3.CC to 2.75 cc., which further decreases 
from 2 . 75 to 2 . 5 cc when ferric hydroxide sol becomes four times as strong. 

With divalent electrolytes as the concentration of the colloid increases, 
the quantity of electrolyte required for coagulation of the colloid also gradually 
increases, thus as the concentration of the colloid becomes double and quad- 
ruple, the quantity of zinc sulphate increases steadily from o . 65CC to o . 7CC to 
o,75cc;of cadmium sulphate increases from 0.6 to 0.7 to 0.75 cc. This is 
opposed to Burton and Bishop’s rule. In the case of magnesium sulphate, 
however, as the concentration of the sol becomes double, the quantity of the 
electroljrte first decreases from 0.8 to 0.6, and then increases slightly from 
o . 6 to o . 65 as the concentration of the sol becomes 4 times. 

In the case of the trivalent electroljrtes as the concentration of the colloid 
increases the quantities of electrolytes, nccessarj" for coagulation also increase. 
Thus as the cone, of the colloid changes from A/2, to A and 2 A, the quantities 
of sodium citrate increase from 3 . 2 to 3 75 to 6cc and of ferricyanide increases 
from 3 . 5 to 4 . 2 to 6 ,3cc, i.e., becomes practically double of the initial volume. 

Table VIII shows clearly that Burton and Bishop’s rule for a divalent elec- 
trolyse does not hold in the case of ferric hydroxide sol. As the concentration 
of the ferric hydroxide sol becomes 8 times and the quantity of potassium 
oxalate, becomes double. The increase in the volume of the electroljrte, 
potassium oxalate with increased concentration of the colloid is seen from the 
following curves Figs. 4-6. 


P05m\^£ Fenmc nroRoxtoE sol 


2A 

A 

i 


CITRATE 



6 


a 

Z 






eA 

a\ 


OXALATE 


3^56 


J- 


2A 

A 


6 a 10 12 
Fi|?s. 4, 5 and 6 


FERRlCrANlOE 




-irt 


If we plot similar curves in the case of trivalent ions we find that the por- 
tions marked a6c in Figs. 4, 5, and 6, show considerable similarity. 

Thus in the case of ferric hydroxide sol, the volumes of both divalent and 
trivalent electrolytes increase with increasing concentiation of the colloid. 

The behaviour of alkali in precipitating colloidal Fe( 0 H )8 is abnormal. 
Thus o . s cc of N/3 . 4 KOH can coagulate 5 cc of Fe(OH) 3 which will be coagu- 
lated by 2 .5 cc of 2N KNOa, and is thus about 35 times more active than 
potassium nitrate. As the sol becomes more dilute the quantity of KOH 
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increases gradually. It might be interesting to note that a similar abnormal 
behaviour has been in the case of manganese dioxide sol (loc cit), alkali being 
far more active than many other electrolytes. 

The precipitating power of HCl is similar to the precipitating power of 
other univalent electrolytes and this behaviour is quite normal. 

An examination of Table IX shows the interesting fact that the un- 
dialysed ferric hydroxide sol wants larger volumes of electrolytes for its coag- 
ulation than the dialysed sol. In the case of the electrolyte KNO3 the un- 
dialysed sol requires practically double of what the dialysed sol of the same 
concentration requires for its coagulation. Similar behaviour was observed 
in the case of colloidal managanese dioxide. Dialysis rendered the sol very 
unstable^ 

One possible explanation of the above behaviour in the case of positive 
Fe(OH)3 is that small quantities of hydrochloric acid might have a peptising 
influencing over ferric hydroxide, the removal of which by dialysis makes the 
sol less stable. 

It is desirable at this stage to compare, in general terms, the properties 
of this negatively charged ferric hydroxide sol with those of the positively 
charged sol. In the case of the positively charged sol, the coagulating ion is 
the anion, and from Freundlich's researches^ it appears that the order of the 
precipitating anions is Cr 207> SO 4 > OH > salicylate > benzoate >formate> 
Cl>N03>Br> I. From the work of Linder and Picton^ the series appears 
to be SO4 > NO3 > Cl > I > Br. From our work on the positive sol the following 
series is obtained ferricyanide > citrate > oxalate > sulphate > hydroxide > 
nitrate > chloride. With the negative sol, the series is Br>KCNS>I>Cl> 
SO4. Thus it will be seen that by reversing the charge on the colloid, the order 
of the precipitating ions has been reversed, A similar instance is known in 
the case of albumin, Hofmeister* ** has shown that the order of precipitation of 
proteids by anions of the same cation is citrate > tartrate > sulphate > acetate 
> chloride >N 08 > I > CNS, whereas Posternak^ and Pauli® have shown that 
the series is reversed if the experiments are carried in slightly acid solution. 
Bancroft's^ observations in this connection are interesting: “Albumin is a 
specially interesting case because it is peptised readily by cations or anions. 
When it is negatively charged, as in a slightly alkaline solution, a strongly 
adsorbed anion will make it more negative and more stable. Consequently 
precipitation by a sodium salt will be more effective, the less readily the anion 
is adsorbed. On the other hand, in acid solution the sodium salt with the most 
strongly adsorbed anion will be the most effective in causing precipitation. 
Negatively charged albumin is precipitated readily by sodium chloride and 


* Gangulv and Dhar loc. cit. 

* Freundlieh: Kapillarchemie, 352, 358 (loog). 

* J. Chem. Soc. 87 , 1926 (1905). 

^ Archiv. experirn. Pathol. Ph'armakol. 24 , 247: 

* Ann. de Tinstitut Pasteur, 15 , 85ff (1901). 

* Hofmeister’s Beitrage, Z. Chem. Physiol. Pathol. 5, 27 (1003). 
’ ‘^Applied Colloid Chemistry" 219 (1921). 


25 , I (1889). 
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not at all by sodium iodide, while positively charged albumin is precipitated 
by sodium iodide much more readily than by sodium chloride. Potassium 
iodide has more effect than potassium chloride with Rhodamine" B, while the 
reverse is true with wool violet S”. The experiments in this paper also reveal 
similar interesting facts. Thus potassium iodide has a greater effect on the 
negative sol than potassium chloride, whereas , according to Linder and Picton, 
the reverse is true in the case of positive sol. Strontium chloride has a greater 
coagulative power on the positive sol than barium chloride, while in the case 
of the negative sol, barium chloride has a greater (effect than the strontium 
salt. A similar effect is also to be observed in the case of potassium sulphate 
and zinc sulphate. The former has a greater coagulative power in the case of 
the positive sol, whilst the reverse is true in the case of the negative sol. 

From the foregoing experimental results with antimony sulphide sol, it is 
seen that for univahuit electrolytes like sodium chloride and lithium chloride 
with the gradual decrease of the concentration of the sol the (quantity of elec- 
trolyte required for coagulation of a fixed volume of th(' sol in the specified 
time, gradually increases. In fact as the concentration of the sol in halved, the 
quantity of sodium chloride required for coagulation increases from o 85 to 

I 4 

For divalent electrolytes, with the gradual inen^ase of the concentration 
of the sol, the quantity of electrol>1:e required for coagulation remains fairly 
constant. Thus in the case of Ba(N03)2, as the concentration of the colloid 
becomes twice and four times the original concentration, the quantity of 
Ba(N03)2 required for coagulation changed from o 5CC to 0.45CC. There is, 
however, discernible a tendency for the quantities of several divalent elec- 
trolytes to incrc^ase with the increase of concentration of the sol. In the case 
of lead, this effect is at its maximum. As the concentration of the sol increases 
from one gram to four grams of antimony potassium tartrate , the quantity of 
lead nitrate also increavses from o . 6cc to i . 2cc, i.e., it actually becomes double 
as the concentration of the colloid is quadrupled. Another f)eculiarity was ob- 
served in the case of lead nitrate. The colloid WT)uld get precipitated immedi- 
ately on the addition of lead nitrate. If a smaller amount of the electrolyte 
be added only a portion of the colloid will be precipitated, and will settle, 
whilst the liquid will remain coloured for several days. In other words, it was 
found that o 6 cc of N/ioo lead nitrate will precipitate completely 5 cc of the 
sol (1 gram per litre strength) in the course of a few minutes. When less than 
o . 6 cc. of the electrolyte arc added with a view to bringing the period taken for 
coagulation to about four hours, it was seen that immediately on the addition 
of the electrolyte a portion of the sol was coagulated, whilst a portion kept 
stable for days, as was indicated by the clear red colour of the liquid in the 
supernatant liquid after the precipitate had settled. The time factor seems to 
be very nearly absent in the case of lead nitrate. 

For trivalent electrolytes, the quantity of electrolyte required for coagula- 
tion increases as the concentration of the colloid increases. 
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The following Jahle shows conclusively that with thorium nitrate and 
SbaSs sol, the greater the concentration of the sol the greater is the amount of 
electrolyte necessary for coagulation 


Strength of Sol 

A 

A 

2 

4 

T 

32 


Quantity of electroljrte 
necessary for coagulation 
0.57 cc 

0.325 cc 

0.225 cc 

0.15 cc 

0.125 cc 


In the case of quadrivalent thorium nitrate it has been seen that as the 
concentration of the colloid increases, the amount of electrcJyte required for the 
coagulation of a fixed volume of the sol also increases. In fact as the concen- 
tration of the colloid becomes quadrupled the quantity of electrolyte increases 
from . 225 to . 575 cc is about 2 . 5 times as much. 

The very large volume of electrolyte required for coagulation in the caes 
of the quadrivalent electrolyte thorium nitrate is rather remarkable. The 
thorium ion seems to form a complex with tartaric acid and its salts, hence its 
influence as a coagulating agent is appreciably decreased. 

As has been said in the introductory part, time has a distinct ageing effect 
On antimony sulphide sol as will be evident from the following experimental 
results 


Strength of the Sol Date 

2 grs antimony 


Pot. tartrate 
per litre 


(1) Sept. II 

(2) Oct, 15 


Volume of electrolyte 
(NaCl) necessary for 
coagulation 
0.85 cc 
o . 70 cc 


Thus within a period of one month the sol has aged to such an extent as to 
require about 8% less of the electrolyte for its coagulation. 


General Discussion 

Let us try to visualise the mechanism of the coagulation of colloids by 
electrolytes. We shall consider the case of antimony sulphide sol, which is 
negatively charged. If we add say potassium nitrate to the sol, the negatively 
charged sol will attract and adsorb the potassium ions. The charge on the sol 
will be neutralised and one of the factors of the stability of the sol is removed. 
The Brownian movement of the particles, which is unaffected by electric 
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charge, should keep the particles in suspension, provided the particles are not 
very near each other. Ordinarily, the particles of the colloid, being very near 
each other, collide violently and coalesce and settle down on neutralisation of 
the electric charge on them. 

The negative ion (nitrate) will not be attracted by the negatively charged 
sol, but the phenomenon of adsorption which is not purely electrical in origin 
but is partly chemical in nature, might be effective and the colloid may be 
stabilised by the adsorption of the negative ions. But, as a matter of fact, as 
coagulation actually takes place on the addition of potassium nitrate to anti- 
mony sulphide, we infer that potassium ion is preferentially adsorbed in com- 
parison with nitrate ions by the sol. 

From our experiments on the direct adsorption of ions by hydrated man- 
ganese dioxide which is negatively charged, we have shown that the amount 
of electrolyte adsorbed is directly proportional to the quantity of manganese 
dioxide. It has also been proved that only a small percentage of the positive 
ions from the electrolj’tos is adsorbed. 

A certain amount, which is very small, of the negative ion is also adsorbed 
by hydrated manganese oxide. The major portion of the electrolyte added 
remains unadsorbed. 

It seems reasonable, thcn'fore, that the greater the concentration of the 
sol, the greater should be the amount of electroljiie necessary to coagulate the 
sol, because the adsorbent is in greater quantity in the concentrated sols than 
in the dilute ones, provided the amount of charge and the size of the particles 
do not change on dilution. 

From the foregoing experimental results, it will be seen that in the major- 
ity of cases, the greater the concentration of the sol, the greater is the amount 
of electrolyte necessary for coagulation. This will be found to be true irres- 
pective of the nature of the sol and the valency of the precipitating ion, 
except with certain univalent salts, the cases of which will be discussed later on. 
This is true with NH4CI, KBr, KCl, KCNS, HCl, HgCh CeClg, MnS04, UO2- 
(N03)2, and Ah (804)3 in the case of negatively charged ferric hydroxide sol; 
in other words with these electrolytes, the greater the concentration of the sol, 
the greater is the amount of the electrolyte added. With KI, NaCl, K2SO4, 
NaOH, AgNOs, SrCh, and ZnS04, it will be found that by doubling the con- 
centration of the sol, the amount of electrolyte necessary for coagulation is 
greater than that required for the diluted sol. In this case, practically all the 
electrolytes irrespective of their valencies support the conclusions arrived at 
above. 

With positively charged ferric hydroxide sol it will be observed that 
greater quantities of the following electrolytes are necessary for coagulation 
with concentrated sols than with dilute ones: — K2C2O4, ZnS04, CdS04, 
MgS04, alum, sodium citrate and K3Fe(CN)6. 

In the case of antimony sulphide sol, our conclusion is verified with 
Co(N 08)2, Ni(N08)2 SrCla, ZnS 04 , Pb(N08)2, A1(N03)8, U 02 (N 03 ) 2 , and 
Th(N08)4, 
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With negatively charged manganese dioxide sol in general greater quan- 
tities of the following electrolytes are necessary for coagulation of concen- 
trated sol than the dilute ones: — 

KNO3, KI, KCIO3, KCl, KrS 04 , sodium citrate, NaCl, NH4 Cl, AgCNOs), CuCla, 
CUSO4, CaCl2, SrCU, BaCl2, Aids, Cd(N03)2, Co(N03)2 Pb(N08)2, ZnS04, 
HgCh, and K 3 Fe(CN) 6 . 

Now let us consider the work of other investigators Mukherjee and Sen‘ 
have studied the coagulating effects of LiCl, Th(N03)4, BaCb and Al 2 (S 04)3 
on arsenious sulphide sol. It will be observed from their results that greater 
quantities of Al2(S()4)3, Th(N03)4 and BaCb (in very dilute solutions) arc 
necessary for coagulation of concentrated sols than the dilute ones. 

Similar conclusions could be drawn from Kruyt and Spekes researches- 
with barium and aluminium chlorides. Of the ions studied by the above 
authors only potassium ion has been found to be an exception to the rules 
enunciated in this paper. 

From the results obtained by Burton and his coworkers our conclusion is 
verified with BaCb, AICI3, lanthanum sulphate, cerium nitrate, and zircon- 
ium chloride. 

The researches of Murphy and Mathews® on the coagulation of ferric 
hydroxide sol by electrolytes show that the limiting concentration of electro- 
lytes decrease markedly with decrease in the concentration of the sol in case of 
chloride, chromate, and ferricyanide ions. These results an^ in perfect har- 
mony with the rule advanced in this paper. 

From the point of view put forward in this article it is difficult to reconcile 
the results obtained by Mukherji and Sen and by Burton and his colleagues 
with univalent salts like KC\, LiCl etc. on the coagulation of arsenious sulphide 
mercuric sulphide, mastic and copper sols. They find that greater the dilution 
of the sol, the great(T is the amount of electrol3rt;e of the type of KCl necessary 
for coagulation. 

There are certainly several factors controlling the process of coagulation. 
One set of factors is particularly important when we are considering univalent 
ions, whilst another set is powerful in the case of polyvalent ions. In the case 
of univakmt ions, the concentration of electrolyte necessary is much greater 
than that necessary for polyvalent ions. 

In considering the precipitating power of an univalent ion we have to take 
into account an equivalent quantity of another ion of equal or greater valency 
in a comparatively strong solution, whilst in dealing with trivalent ions, there 
is present in equivalent concentration another ion having less valency than 
the precipitating ion in comparatively feeble concentration. 

As has been already said, it seems very likely that the univalent ion 
charged similarly to the sol should exert peptising influence on the sol and 
hinder its precipitation. This peptising effect of the similarly charged ion 

^ J. Chem. Soc, 115 , 461 (1919). 

*Kolloid-Z. 25 , i (1919). 

® Science, 53 , 581 (1921). 
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will be more evident, the more dilute the sol with which lh(* coap;ulation ex- 
periments are carried on. This seems to be the explanation of the peculiar 
results obtained by the above* investigators with univalent ions. 

The view in this paper is in harmony with the theoretical r(*sults of 
Srnoluchowski^ on the phenomenon of coagulation of sols by electrolytes. 

Smoluchowski assumes that the particles, when suffic*it*ntly near (*ach 
other attract one another in consequence of the capillary forces, but that com- 
bination does not take place, under ordinary conditions in sols, is to be attrib- 
uted to the protective effect of the electric double layer of Hk* particles. When 
an electrolyte is added, a partial or complete discharge of the double layer 
takes place, owing to the adsorption of ions. The protective* effect is dimin- 
ished and from a certain concentration it does not suffice to prevent the parti- 
cles from joining together. Still another influence must be taken into consid- 
eration, it causes the collision of the particles, but at the same time checks 
their permanent combination viz., th(* molecular forces, which among other 
things, manifest themselves in the Brownian mov(*ment. 

Freundlich^ assum(*s that the partially discharged parti(;les in a slowly 
coagulating colloid, do not join together unless their pow(*r of colliding with 
each other exceeds a iniiiiinum value. If the violence of collision is of decisive 
importance for the coagulation, not only the relative velocity of tin* particles, 
but also their mass should have souk* influence on the progress of coagulation. 

In order to explain the anomalous behaviour of univalent ions on the 
coagulation of sols, Mukh(*rjee and Sen have considered that dilution in- 
creases the distanc(* betw(*en the particles of a sol. The increased distance 
somehow de(*reas(*s the facility for coalescence* and thus increases its stability. 
The outline of the* phenomenon eif coagulation as sketcheel in the* fe)r(*going 
pages being the accepted view of the process, it. becomes diffieadt to under- 
stand the influence e)f electrolytes on the* greater or less distance between the 
individual particles. B(‘cause the main function of the ions is to remove the 
electrical double layer and the ions are not contemplated to take any part in 
the process of coalescenct* whic^h follows later on, after once the double layer 
is removed. 

Again then* is another difficulty with regard to the factor of distance* 
between the individual particles. Smoluchowski from theoretical reasoning 
has come to the conclusion that the coagulation curves obtained from the 
different concentrations series of the* colloid and the elect re)lyte must be* similar. 
Moreover, the phenomenon of coagulation of sols by different electrolytes is 
more or l(*ss identical in nature. Consequently if we accept, the explanation 
of Mukherjee and Sen for univalent ions based on the difference in the distance 
of the individual particles we ought to expect the same behaviour with poly- 
valent ions. Actually, however, the behaviour of polyvalent ions is very differ- 
ent from that of few univalent ions, which are really only exceptional cases. 

'Kolloid-Z. 21, 98 (1917); compare Westgren and Reitstottcr: J. Phvs. Chern. 26^ 
555 (1922). 

* Kolloid-Z. 23, 163 (1918). 
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It is clear from what has already been said that the simple explanation 
of the behaviour of ions irrespective of their valencies, on the coagulation of 
sols of varied concentrations, based on the ordinary conceptions of adsorption, 
is quite, adequate at least, qualitatively, for most of the experimental work 
done in this line. 

Summary of Conclusion 

The majority of electrolytes investigated by us in the cases of negatively 
and positively charged ferric hydroxide sols, negatively charged managnese 
dioxide sol and antimony sulphide sol of different concentrations follow the 
simple rule that the greater the concentration of the sol, the greater is the 
concentration of the electrolyte necessary for coagulation irrespective of the 
valency of the precipitating ions. The results obtained by Murphy and Math- 
ews are in complete harmony with the above rule. 

The majority of electrolytes investigated by Burton and his colleagues, 
by Mukherjee and Sen, and by Kruyt and coworkers with different sols at 
various concentrations support the rule enunciated in this paper. 

Consequently we venture to remark that the “so-called” generalisations 
of Burton and coworkers' are not real generalisations, but are based on some 
exceptional cases and should be modified in view of our experimental work and 
of the simple rule, enunciated in this paper, explaining satisfactorily the 
greater amount of experimental work actually available. The rule stands on 
accepted views about adsorption. 

Chemical Laltoralorien, 

Allahabad University, 

Allahabad: May 7, 19S3. 



THE BEHAVIOR OF SILVER IODIDE IN THE 
PHOTO-VOLTAIC CELL 

BY ALLEN GARRISON* 

BecquereP was the first to observe that the photo-potential of the silver 
iodide electrode: electrolyte cell was not always positive. He coated silver 
with the halide by direct action of the vapors of the halogen and placed the 
electrode thus formed in an electrolyte. He studied the effect of light on this 
system by comparing its potential with that of a similar electrode which was 
kept in the dark. If the silver iodide coating was not too thick on the electrode 
he found that the photo-potential was always positive, that is the light caused 
the electrode to take a positive charge from the liquid. But when the coating 
had reached a critical thickness there appeared a negative light effect which 
was only temporary and was ordinarily followed by the positive effect. 

Minchin^ observed similar effects with sev(U*al cells but regarded the 
negative effect as exceptional and it has even been stated by more recent 
investigators that the light e^ffect is alw^ays positive in the case of silver elec- 
trodes prepared in this way*. 

Ill the case of the cuprous oxid(‘ photo-voltaic cell it was formerly thought 
that the photo-potential was always positive but it has recently been demon- 
strated that the potential induced by the light may be either positive or 
negative depending on the condition of the electrode and the nature of the 
electrol3de.^ Therefore the phenomenon differs from the Hallwachs-Lenard 
or photo-electric effect in that the direction of the change in potential has not 
the same significance. 

It is the purpose of this report to present the experiments which show a 
remarkable similarity between the action of the silver halides and cuprous 
oxide. The same general theory applies to both, the conditions which deter- 
mine both the nature and the direction of the light effects being almost iden- 
tical. The results are of interest in photography because they furnish new 
data on the photo-chemical behavior of the silver halides. 

Experimental Procedure 

The light;-sensitive electrodes were prepared either by the direct action of 
the vapors of the halide or by electrochemical deposition of a thin layer of the 
silver halide on a polished silver electrode. The electrochemical method pro- 
duced a more uniform coating and the thickness could be controlled more 
accurately than by the direct action of the vapors, but the same results can be 
obtained with electrodes prepared by either method. 

* National Research Fellow in Chemistry. 

* Becquerel: La Lumidre, 2, 129 (1868). 

* Minchin; Phil. Ma^ 31 , 207 (1891). 

* Wildermann: Phil.^ans. 206 A, 335 (1906). 

* Garrison: J. Phys. Chem. 27 , 601 (192)3. 
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The electrode? were made of thin sheet silver about 3 cm in length and 2 
cm in width. They were always coated on the back with paraffin so that only 
the front surface which was exposed to the light was in electrical contact with 
the electrolyte. 

The electrolyte was always saturated with silver iodide. This fixed the 
product of the silver and iodine ions but their ratio could be set at any desired 
value by making up the solution with the proper concentration of potassium 
iodide or silver nitrate as the case demanded. 

The electrode and electrolyte were placed in a rectangular glass vessel 
which was painted with black paint on all sides but one. The electrode was 
fixed facing the transparent side and close to it so that the light had to traverse 
only 0.5 cm of the electrolyte before falling on the electrode. A o.io N. calo- 
lYiel half-cell completed the photo-voltaic cell. 

The cell was mounted in a light-proof box having a single rectangular 
w indow for the admittance of light to the sensitive electrode. The window’ was 
covered with a water screen 2 cm in thickness. To measure the light intensity 
a thermopile was mounted in the box with the photo-voltaic cell as close as 
possible to the sensitive silver electrode. A moving coil galvanometer was 
usetl to measure the current from the thermopile, the deflections being taken 
as a measure of the light intensity. The e.m.f. of the photo-voltaic cell, that is 
the potential difference between the silver electrode and the mercury of the 
calomel half-cell was measured with a high grade potentiometer of standard 
make. This was the reversible voltage of the cell, since no polarizing current 
w^as permitted to pass. 

A 500 c.p. tungsten filament lamp was used as a light source. When the 
effect of various intensities of white light was investigated it was necessary to 
have the same spectral distribution of energy for each intensity since the 
different colors do not have the same effect. For this reason the intensity 
could not l>e varied by changing the temperature of the source and any partial 
screening method was not desirable. The light source was placed f)ehind a 
large lense at a distance from it less than its focal length so that a diverging 
cone of light was produced. The solid angle of the cone was varied by a slight 
change in the distance from the lense to the light and thus the intensity of the 
light over a small area at the center of the cone was varied without any appre- 
ciable change in the spectral distribution of energy. Light from the center of 
this cone was passed through the window of the box containing the photo- 
voltaic cell and thermopile. 

Experimental Results 

The conditions which determine the sign of the photo-potential. There are 
two factors which determine the sign of the charge which the electrode receives 
in light. The first is the thickness or density of the silver iodide over the elec- 
trode. If all the other conditions such as the light intensity and color and the 
constitution of the electrolyte remain constant then the photo-potential may 
be made to l)e either positive or negative by changing the thickness of the 
^fiver iodide coating. 
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This was demonstrated experimentally by starting with a polished silver 
electrode and coating it with several successive thin layers of silver iodide 
observing the light effect under fixed conditions after each successive layer of 
the halide. The results are given in Table I. 


Table I 

The Influence of the Thickness of the Silver Iodide 


No. 

EAAg-«>CaI. 

dE(-) 

dE (+) 

E2 

I 

-0.4327 

none 

trace 

-0.4327 

2 

-0.4315 

none 

+0.0015 

-0.4320 

3 

— 0.4296 

none 

+0.0031 

-0.4300 

4 

““O.4275 

trace 

+0.0031 

— 0.4282 

5 

-0.4273 

— 0.0005 

+0.0032 

— 0.4280 

6 

— 0.4270 

— 0.0012 

+0.0030 

— 0.4280 


The first determination was made with a polished silver electrode in o.i 
normal potassium iodide solution saturated with silver iodide. The electrode 
was then removed and a thin coating of iodide applied by the electrochemical 
method. Thus electrode No. 2 had one coating and No. 3 two, etc. Each 
time the coating was thickened by the additional layer of the halide. 

In column 1 aie the original potentials relative to the o.i N calomel elec- 
trode in the dark. In columns 2 and 3 are the negative and positive photo- 
potentials E ( — ) and E (+) respectively and in column 4 the })otential to which 
the electrode returned in the dark after illumination. 

It will be noticed that the positive photo-potential was very small when 
th(‘ elect rod(^ had only a small amount of iodide on it and that the effect 
n'ached a maximum only after the third coating. Up to this point the light 
efiV'ct was entindy positive*. When the fourth layer was applied a slight nega- 
tive* effect appe'areel which incre*aseMl in magnitude with each additional coating. 
The* negative effect was similar to that of the ciipre)us oxide electrode, that is 
the* e*lectrodc became negative when the light was first turned on but if illum- 
ination was continued at cemstant intensity the negative* charge disappeared 
and was followe^d by the positive effect. 

From the first column it may be seen that the* eiriginal potential of the 
(‘lectrode in the elark incre^ase*d with each additional layer of the silver iodide. 
After six layers the potential had increased 5.7 millivolts. The constitution 
of the electrolyte had not altered during the measurements, the solution re- 
mained saturated with silver iodide and therefore the concentration of the 
silver and iodine ions was the same for each determination. The change in 
potential of the electrode must therefore be attributed to some change in the 
nature of the silver electrode. The direction of the shift in potential would 
demand that the solution pressure of the silver be decreased, that is the tend- 
ency of the silver to ionize decreases as the surface becomes thickly coated 
with the iodide. This is equivalent to a dilution or decrease in the active con- 
centration of the silver. This has been found to occur in the case of copper 
also. 
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After an electrode had been illuminated it did not return to its origmal 
dark potential as may be seen from column 4 but had always shifted toward 
the original dark potential of electrode No. i, that is -0,4327. This indicates 
that a partial destruction of the layer of iodide had occurred during the 
illumination thusnncreasing the concentration of the silver. 

This increase in the solution pressure of the silver was accompanied by a 
decrease in the negative photo-potential. Electrode No. 6 behaved like elec- 
trodes Nos. 3 or 4 after the first illumination had partly destroyed the iodide 
coating and the dark potential increased to -0.4280. This will presently be 
shown quantitatively. 

The negative light effects may be made larger and less transient by de- 
creasing the concentration of the potassium iodide in the solution. This brings 
us to the second factor which influences the direction of the light effect: the 
photo-potential may be made to be either positive or negative by varying the 
ratio of the silver to the iodine ions in the saturated silver iodide solution. 

The experimental demonstration of this is recorded in Table II. The 
same electrode was used in the first eleven observations. It was coated with a 
moderately thick layer of the halide corresponding approximately to electrode 
No. 3 in Table I. Electrodes having thicker coatings were also used as indi- 
cated in the table. The last corresponded in thickness to No. 6 in Table I. 
Almost any thickness of coating may be used to observe the effect of various 
electrolytes but with thin coatings the negative effect is usually only tempor- 
ary and it is difficult to get large positive effects with very thick coatings on 
the first exposure to light. 


Table II 

The Influence of the Ratio of Silver to Iodine Ions 

T = 27® 


EAg~^H« 

CAg + 

Ci- 

dE 

-0.2705 

0-757x10-^'* 

1 .42X10-^ 

- .0030 

— 0.2400 

2 .42 

77 

.412 ” 

- .0085 

— 0,2200 

5-24 


.190 ” 

— ,0140 

— 0.2120 

7 .o '7 

If 

.141 

— .0160 

— 0.2050 

10.7 

>f 

•093 ” 

— .0262 


• (2) 

Iodine Ions increased (KI added) 


— 0.2330 

3.16 

ff 

.316 " 

- .0125 

— 0.3200 

.112 

ff 

8.91 " 

+ .0023 

-0.3320 

.0707 

ff 

14.1 

+ .0032 


(3) 

Silver Ions increased (AgNOs added) 


— 0.2332 

3 16 

J 7 

.316 ” 

— .0036 

— 0.1771 

27.1 

ft 

.0368 ” 

— .0124 

— 0.1560 

61 .0 

ft 

.0164 ” 

— .0120 


(4) Thicker Coating used and AgNOs added 

— 0.2201 

5-24 

77 

.190 ” 

- .0195 

— 0.1889 

17.4 

ft 

•OS 75 ” 

— .0261 


(s) Very Thick Coating used and AgNO* added 

— 0.4270 

i.86Xio~'^ 

•0547 

— .001 + 

- 0 . 34 SS 

4.22 

77 

.0023 

— .0260 
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The electrode was first placed in dilute Na2S04 solution saturated with 
Agl. Its potential relative to the o.i N calomel electrode in the dark before 
each exposure to light is recorded in the first column and the photo-potential 
with its proper sigh, positive or negative, in the fourth column. After each 
observation a little AgNOs or KI was added to the solution as is indicated 
thus changing the ratio of the concentrations of the silver and iodide ions. 
This change can be calculated from the electrode potential. The silver ion 
concentration in moles per liter corresponding to each electrode potential is 
recorded in column 2 and the corresponding iodine ion concentration in column 
3. The solubility of silver iodide was taken as i.oXio^® moles per liter' and 
the dissociation considered complete at this dilution. 

From the first five observations it may be seen that the negative effect 
increases with increasing ratio of silver to iodine ions. The positive effect was 
developed by reversing the process and adding potassium iodide to the solu- 
tion. This could be repeated as often as desired. 

Parts 4 and 5 show that a smaller concentration of silver ions is required 
to develop the positive effect the thicker the coating. This is to be expected 
from the results of Table I. The reverse is also true, it requires a larger con- 
centration of silver ions to develop the negative effect in the case of electrodes 
having thin coatings of halide. 

The same electrode was used for parts i, 2 and 3 of Table II; but it will 
be noticed that the negative photo-potentials in part 3 are smaller than the 
ones in part i for the same silver ion concentration and even for much larger 
concentrations. This is another example of the destructive action of the light 
on the silver iodide coating. This decomposition is more pronounced the 
larger the concentration of the silver ions and is thus larger the larger the 
negative effect. 

The photo-chemical decomposition of the silver iodide coating. The halide 
coating when first formed was yellow white in color. When it was placed in 
potassium iodide solution and illuminated it remained practically unchanged 
in color and properties. In silver nitrate solution however where the photo- 
potential was negative the coating was rapidly darkened by the light and its 
properties changed. Its equilibrium potential in the dark was reduced, that 
is less positive, and it was found to behave like an electrode having a thinner 
coating when illuminated a second time. 

In case the coating was relatively thin the reversal of light effect took place 
rapidly and both a negative and a positive effect were observed on illumination, 
the negative effect appearing first as it did in the cuprous oxide cells. On sec- 
ond illumination the negative effect was usually found to have been destroyed 
and only the positive effect remained. 

The decomposition was greatest on electrodes which had large negative 
photo-potentials and which were in a solution containing a high concentration 
of silver ions. In the case of electrodes with thick coatings in solutions where 


‘ Hill: J. Am. Chem. Soc. 30 , 68 (1908). 
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the silver ions were reduced negative effects could be obtained which were 
more permanent. There was practically no recoil in the positive direction in 
this case the photo-chemical decomposition being retarded. This was the 
type of electrode which was used to measure the influence of light intensity on 
the negative effect. Even under these conditions there was a slight darkening 
in light and the negative effect was reduced after long exposure. 

The extent of the decomposition for some electrodes is shown in Table III. 

Table III 

The Photo-chemical Decomposition of the Coating 


E(dark) 

dE 

E: (dark) 

dE2 

* 0.2369 

— 0.0065 

-0.241S 

+0.0025 

—0.2388 

-0.0055 

—0.2436 

+0.0026 

-0.2405 

—0.0020 —0.2430 

Thick Coating and Small CAg+ 

— 0 . 0006 

-0.3450 

—0.0260 — 0.34S5 

Thin Coating and Small Ca«+ 

—0.0240 

-0 3457 

+ 0.0025 

-0.3436 

+0.0025 

— 0.3600 

+ 0.0028 

—0.3602 

+0.0028 

The potential in 

the dark of each electrode is recorded in column 

I and the 


effect of the first illumination in column 2. After strong illumination the dark 
potential was again observed and recorded in the third column and the result 
of a second illumination in the fourth column. The first three observations 
were made on electrodes having moderately dense coatings in such a strength 
of silver ions that the decomposition was rapid. It will be noticed that where 
the decomposition is most pronounced as indicated by the change in dark 
potential, the negative effect was greatly reduced. Electrodes which had been 
darkened in light could be returned to their original condition by the action of 
the vapors of iodine or by electrochemical coating in potassium iodide solu- 
tion. 

The relation between the photo-potential and the intensity of the illumination. 
The measurements of the positive photo-potentials in Table IV were made with 
a silver electrode covered with a moderately thick film of the iodide and placed 
in a 0.0 1 normal KI solution. Measurements were made on several different 
electrodes in order to find the conditions which gave the largest and most 
uniform positive effects. It has already been pointed out that electrodes 
having very thin films of the iodide did not have large positive effects. The 
most satisfactory results were obtained with films as thick as it was possible 
to use without developing the negative effect. 

The relation between the negative effect and the light intensity is shown 
in Table V. Due to the unstable character of a dense coating of the iodide the 
results were not as uniform as those for the positive effect, for it was shown 
that photo-chemical decomposition is most rapid when the negative effect is 
largest. The best results were obtained with a very thick film of iodide on the 
electrode and a comparatively small silver ion concentration. Larger negative 
potentials were obtained in solutions more concentrated in silver ions but 
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decomposition was too rapid to compare relative light intensities. Observa- 
tions were made as quickly as possible to insure the constancy of the electrode. 

Table IV 

The Relation between Light Intensity and the Positive Photo-potential 


Eae— »H g 

dE 

I (intensity) 

-0.3542 

4* .0110 

23 I 

-0.3550 

+ .0095 

18.0 

-0.3551 

+ .0082 

13*5 

-0.3545 

-h .0066 

9 2 

- 0-3551 

-h . 0048 

6.0 

-0.3549 

+ .0049 

5-4 

-0.3551 

+ . 0040 

41 

-0.3549 

+ .0036 

3-5 

-0.3549 

+ .0028 

2.4 

-0.3551 

+ .0024 

2 . 2 

-0.3549 

-f .0023 

Table V 

I- 7 S 

Relation between Light Intensity and the Negative Photo-potential 

EAg— >Hg 

dE 

I (intensity) 

— 0 . 1887 

— .0290 

14.0 

— 0 . 1896 

— .0272 

II. 9 

— 0.1886 

- .0234 

9-5 

— 0, 1886 

- .0195 

^•5 

— 0.1887 

— .0180 

5-5 

— 0.1887 

- .0134 

3*2 

— 0.1889 

— .0087 

1-5 


The first column in each table contains the electrode potentials in the dark 
compared with the o. i normal calomel cell. The observations were not made 
in the order of their appearance in the table but those having the smallest 
dark potentials were made first. During the course of the observations the 
potential of the electrode in the dark shifted from —0.3554 to —0.3551 in 
Table IV and from —0.1886 to —0.1896 
in Table V. The order of the observations 
can easily be picked out. "^ 00® 

The changes in potential on illumina- 
tion (dE) are recorded in the second col- 
umn and the light intensity (I) in the ^ 
third column. The methods of changing 
and measuring the light intensity have -.oio 
already been described. 

A good idea of the relation between 
the photo-potential and the light inten- 
sity can be gotten from Fig. i . The upper 
curve was plotted with the positive * 

photo-potentials and the lower curve with the negative photo-potentials 
against the light intensity on the X-axis. While the negative values are 
larger than the positive ones for the same intensity of illumination the curves 
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were found to be of the same form, for when the changes in the pressure of the 
ions were calculated and the reciprocal of these values plotted against the 
reciprocal of the light intensities, the points fell along straight lines within the 
limits of the experimental error. The approximate relation can thus be ex- 
pressed by the equation 

— = constant • — + constant (i) 
n I 

for both the positive and the negative effects. 

The dotted curves are drawn in Figure i to show the behavior of an elec- 
trode which was placed in a solution containing such a silver ion pressure that 
it developed the negative potential first on illumination but the maximum 
potential was not maintained on constant illumination. The lower curve 
gives the value of the maximum negative photo-potential for each intensity 
and the upper curve gives the potential to which the electrode returned after 
constant illumination for five minutes. For example when illuminated with 
light of intensity 15 the electrode first became negative to about —0.0150 
volts but after five minutes constant illumination lost the negative charge and 
rose to approximately +0.00 jo volts. 

The cuprous oxide electrodes were found to have these same properties 
in relation to the light intensity except that cuprous oxide electrodes have not 
yet been made which have the negative effect without the positive recoil as 
was obtained with silver iodide. Results corresponding to the upper curve and 
to the two dotted curves have been obtained with cuprous oxide. (Garrison : 
Loc. cit.) 

The relation between the color of the light and the photo-potential. While the 
data on this point are at present limited, enough is known to say that here also 
there is a marked difference bt^tween the photo-voltaic effect and the well 
known photo-electric effect. There does not appear to be a simple relation 
between the photo-potential and the frequency but a complicated one depend- 
ing on the nature of the substance on the electrode. 

The results in Table VI were obtained by admitting the light into the box 
containing the photo-voltaic cell and thermopile after passing it through differ- 
ent color filters. The approximate range of wave-lengths admitted by each 
filter are given in the first column. The light intensity was adjusted to the 

Table VI 


The Influence of the Color of the Light 


Color 

Range in microfns. 

Intensity 

dE 

Red 

.81— .65 

5 

.0008 

R Y 

.80- • 5.3 

5 

.0008 

R YG 

.80- .52 

5 

.0011 

OG 

.68— .50 

5 

.0012 

YG 

■SS --49 

5 

.C007 

GB V 

■SO -. 39 

2 

•0029 
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same intensity behind each ray filter (column 2) with the exception of the 
blue violet where the energy was not sufficient. The positive photo-potential 
developed in each color was placed in the third column. 

This is strongly suggestive of the range of sensibility of the silver iodide 
photographic plate, the effect being greater in the blue and violet with a 
slight maximum in the yellow green. It is of interest to note in this connection 
that a silver iodide electrode when dyed in cosine developed larger photo-po- 
tentials in the longer wave-lengths just as the photographic plate becomes more 
sensitive to the red and yellow after a similar treatment. A more quantita- 
tive investigation of the influence of the optical and chemical sensitizers is 
being continued. 

Theoretical Part 

Since there is such a distinct similarity between the behavior of silver 
iodide and cuprous oxide in the photo-voltaic cells it is reasonable to conclude 
that the same general theory msiy be applied to both substances. It is the 
purpose of this discussion to show that this mhy be done and that it furnishes 
a simple explanation of the photo-chemical properties of silver iodide. 

The theory which was suggested for the cuprous oxide cells was based on 
the assumption that the light tends to separate the cuprous ions from the 
oxygen ions thus increasing the solubility product of the oxide. 

Silver iodide is soluble in water to the extent of 1 .0 X io~® moles per liter. 
Thus in a saturated solution of silver iodide both silver and iodine ions are 
present to the extent that their product is i.oX If we suppose that the 
solid halide is more soluble in light then, on illumination, the product of the 
ions can exceed the value 1.0X10“*® by an amount which depends on the light 
intensity and color. 

When both the ions are present in the same amount (i.io"® moles each), 
we would expect them to increase in approximately the same proportion in 
light. 

When the solution contains potassium iodide such that the iodine ions 
have a concentration of 0.0 1 moles per liter the concentration of the silver ions 
are reduced to i.oXio"*'* in the dark. In the light the iodine ions would 
remain practically fixed in number because of their relatively large amount 
while the silver ions would increase until the new solubility product was 
reached. For it requires far less decomposition to double the silver ions for 
example to 2.0X10“*^ than to double the iodine ions to o.oi. 

The reverse would be true if the silver ions had a concentration of 0.0 1 
moles per liter and the iodine ions i.oXio — h for in this case the iodine ions 
would be formed in the light and the silver ions remain fixed. 

A silver electrode whose potential is determined by the reaction 
Ag:5=t Ag'^ + (-) 

may be used to measure the increase in silver ion concentration in the solution 
when illuminated. It would thus become positive on illumination. From the 
preceding discussion it is evident that this positive photo-potential would 
increase with increasing potassium iodide concentration. 
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On the other hand an iodine electrode capable of the equilibrium 

I2 2 I + 2 (+) 

may be used in the solution to measure the concentration of the iodine ions. 
It would become negative on illumination and the maximum changes ion 
concentration would be obtained in a solution containing silver nitrate. 

The electrode we are considering is the silver electrode coated with a 
layer of solid silver iodide. It is possible for this electrode to behave either as 
a reversible silver electrode or as a reversible iodine electrode. Thus the two 
factors which were found to determine the direction of the photo-potential of 
this electrode are the factors which determine whether the electrode will 
behave as a silver electrode or as an iodine electrode and also the extent of the 
change in the concentration of the ion considered. 

J>om the electro-chemical standpoint an electrode can be in equilibrium 
with an electrolyte only after all the ions in the electrolyte capable of an equi- 
librium have set up that equilibrium at the electrode. The electrode we are 
considering when placed in potassium iodide solution cannot be regarded as 
a silver electrode any more than it can be considered as an iodine electrode, 
a hydrogen electrode, an oxygen electrode and a potassium electrode. Each 
substance and the corresponding ion must have pressures determined by the 
well known expression 

E.P. = E„ormal ^ ~ ^ (2) 

nF P 

and therefore we may write 

E.P. = + k In =Ei, - k In = Eh, + kin ?S+ (3) 

^Ag P12 Ph 2 

When the electrode is illuminated we suppose that either or both the silver 
and iodine ions increase in number so that the problem resolves itself into a 
determination of the reaction which really determines E.P. and which reaction 
is determined by the value of E.P. This was considered at some length in the 
paper on the cuprous oxide cells so that an outline of the conclusions is all that 
is necessary here. 

1. At an electrode where several ionic reactions are in equilibrium, a 
‘‘primary'' electro-chemical reaction is one which can be displaced reversibly 
an appreciable amount at constant electrode potential, (reactants at constant 
pressure). And a “.secondary" electro-chemical reaction is one which can be 
displaced reversibly an appreciable amount only as the electrode potential 
changes, (pressure of the reactants changes with the action). 

2. It follows that, the “primary" reaction is displaced according to Fara- 
day's law by a current which is passed through the electrode. In the absence 
of any “primary" reaction the one which resembles it most closely is dis- 
placed but only as the E.P. continually changes. 
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3.. The ^'primary^’ reaction fixes the value of the electrode potential by 
equation (2) and the E.P. thus fixed determines the pressures of all the re- 
actants of the ^‘secondary^^ reactions by equation (3). In the absence of any 
^‘primary’’ reaction the one which resembles it most closely fixes the value of 
E.P. 

In the case we are considering the reaction + ( — ) is the 

primary reaction as long as metallic silver and solid silver iodide are present. 
The reaction may be displaced at constant pressure since the solid silver 
iodide acts as a reservoir for silver ions. The iodine, hydrogen, oxygen and 
other reactions are secondary, their pressures being fixed by the primary 
reaction. 

When the silver electrode is thickly covered with the halide the silver is 
no longer constant in amount. Its concentration may be reduced by making 
the film of halide thicker, l^hiis it was found that the electrode potential in 
the dark was more positive the thicker the coating (Table I). In this case the 
silver ion equilibrium is no longiT primary. 

The silver halide film and the solution about the electrode are able to 
absorb some iodine. They can thus act as a reservoir for iodine. When the 
silver equilibrium becomes secondary the iodine equilibrium I2 2 V + 2 
(+) resembles a primary reaction most closely and may determine the poten- 
tial of the electrode. 

From this consideration the positive photo-potential is to be expected 
when the coating is relatively thin and the iodine ion concentration relatively 
large. On the other hand the negative photo-potential is to be expected when 
the silver is cut off from the solution by a thick layer of the iodide and the 
silver ion concentration relatively large. 

The photo-chemical decomposition of the halide may be traced to an electro- 
chemical deposition of metallic silver. The decomposition was found to be 
greatest when the largest negative photo-potentials were developed in the 
presence of a high concentration of silver ions. It is obvious that these are 
just the conditions under which the silver ions would have the greatest tend- 
ency to deposit. 

It has been known for a long time that silver iodide emulsion on the 
photographic plate is not sensitive to light when precipitated in an excess of 
potassium iodide solution. The plate may be sensitized by dipping in silver 
nitrate solution. While silver nitrate forms complexes with iodine the theory 
that this alone accounts for the sensitizing action of silver nitrate does not 
take into account the fact that potassium iodide also forms complexes with 
iodine and should also sensitize the plate, rather than retard its action. 

If the photo-chemical decomposition is an electrochemical deposition as 
is suggested here, each particle of halide in the emulsion may be regarded as 
an electrode and it would be less stable in light when the conditions were such 
that it developed a negative photo-potential in the presence of excess silver 
ions. The conditions would be fulfilled by dipping the photographic plate in 
silver nitrate solution. 
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This theory may be harmonized with either the metallic particle theory 
or the solid solution theory of the latent image, both theories have already 
been suggested.' The silver may he deposited over the exposed area as very 
fine particles of metal or dissolved in the halide in the form of a solid solution. 

When a layer of silver halide is thus decomposed by light the particles of 
silver give the electrode a dark color. After this has happened the reaction 
Ag:?i± Ag"*^ + ( — ) becomes primary once more and the electrode loses 
its negative photo-potential. This would also be accompanied by an increase 
in the negative electrode potential in the dark. This accounts for the changes 
represented in Table III. 

The relation between light intensity and the photo^poiential can be obtained 
from the Einstein photo-chemical law in the following way: 

Since the number of quanta of any color of light is proportional to the in- 
tensity of radiation of that color, then the amount of decomposition may be 
put proportional to the intensity of illumination so long as all the active colors 
are changed in the sani(» proportion. The reaction we are considering is a 
first order reaction so that the amount of decomposition may be proportional 
to the amount of silver iodide also. 

Let No== the amount of Agl present in the dark, and n = the amount of 
Ag"^ formed by the light, and N = No-~n == the amount of Agl left at in- 
tensity I. 

n = constant - N-l 
^ Nol-nl 

k 


Nol 

“ (k + 1) 

The values of No, N and n may be expressed in terms of concentration or moles 
per unit volume. 

then dE = ln(— — ) where no = Pa* iu dark 
vF no 

or dE=C log (i + — ) let No' = — 
no no 

therefore dE = C log F 1- 1 1 

L(k + I) ^ J 

(C) is a constant depending on the temperature and the valence of the ion. k 
is a constant depending on the nature of the substance and the illumination. 
It may also depend on the magnitude of No'. When k is small compared with 


Sheppard and Wightman: Science 58 , 89 (1923). 
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Ij that is for very large values of I, dE approaches a constant. For very small 
values of I, dE approaches 3C log (const • I+l) and n becomes linear with I. 

. 1 . . .1 

The general relation is expressed in equation (i), that is —is linear with y • 

The experimental results are not accurate enough over a wide range to 
test the theory closely and get the exact values of N° and but it is interesting 
to note that the approximate relation can be obtained from the simple theory. 

The same calculation can be applied to the negative photo-potential 
where (n) represents the amount of iodine ions liberated in the light and (n°) 
the amount in the dark at equilibrium. 

Goldmann* has suggested a theory for the photo-voltaic cell based upon 
the Hallwachs-Lenard effect or photo-emission of electrons and Sheppard and 
Wightman (loc. eit.) advanced a similar theory for the photographic plate. 
If this idea is accepted it is difficult to see how the negative photo-potential 
can bo formed under the conditions described above and bear the same rela- 
tion to the light intensity as the positive effect. This would require that the 
solid particle of silver or halide develop a m^gative charge by the emission of a 
negative electron. The phenomena may be explained however by the theory 
that the primary effect of the light is a separation of the charged elements as 
ions. 

Summary 

Silver iodide photo-voltaic cells have been made which have both positive 
and negative photo-potentials. The sign of the photo-potential was found to 
depend on the thickness of the silver iodide layer over the electrode and on the 
ratio of the concentration of silver ions to that of iodine ions in the electrolyte. 

The relation between the light intensity and the changes in electrode 
potential were measured for both the positive and the negative effects. 

Decomposition of the silver halide was found to occur during the maximum 
negative effects in the presence of a high concentration of silver ions. 

The results are in agreement with the theory that the silver iodide be- 
comes more soluble in light. The relation between light intensity and photo- 
potential has been obtained with the aid of this theory. 

The Rice Imtiiute 

Houstorif Texas. 

' Goldmann: Ann. Physik. (4) 44 , 901 (1914). 



ADSORPTIVE CAPACITY OF WOOD CHARCOAL FOR DISSOLVED 
SUBSTANCES, IN RELATION TO THE TEMPERATURE 
OF CARBONISATION 


BY JAMES C. PHILIP AND JOHN JARMAN 

In recent years much attention has been devoted to the preparation of 
active charcoals, and to the study of the conditions favourable to activation. 
Partly owing to the great variety of sources from which charcoal can be ob- 
tained, and partly because the final product, being an indefinite material 
cannot be reproduced with certainty, the views of independent workers on 
the significance of different relevant factors are by no means in agreement. 
Among the points on which the recorded evidence is conflicting are (i) the 
optimum temperature conditions for the production of an active charcoal, and 
(2) the question whether, of a number of charcoals, the one which is found 
to have the highest adsorptive activity in regard to a particular adsorbed sub- 
stance is necessarily also the most active in relation to other substances. The 
present communication embodies the results of experiments designed to throw 
light on these points. 

The general procedure adopted was to carbonise a selected wood by keeping 
it for known periods at definite temperatures. The resulting product was 
analysed for carbon, hydrogen, and ash, and then, without further heat treat- 
ment, its adsorptive capacity was determined in relation to a variety of dis- 
solved substances. 


Experimental 

Birch wood was employed throughout, and for the purpose of carbonisation 
was cut into small 1/4^ cubes. These were packed into a wide glass or quartz 
tube, and the latter, roughly plugged with asbestos, was inserted in an elec- 
trically heated oven previously raised to the desired temperature. After a 
definite period the current was switched off, and the oven was allowed to cool. 
The charcoal was ground roughly by hand and then in a mechanically driven 
agate mortar for about twenty minutes. 

For the purpose of combustion, which in each case was carried out in dupli- 
cate, the charcoal was dried for two hours in the steam oven, and during the 
subsequent cooling and weighing was exposed to the air for the shortest 
possible time. The treatment of the charcoals and the procedure followed in 
their combustion were uniform throughout, and were adopted after much pre- 
liminary work. The percentage of ash in the charcoals was at first deduced 
from the residue in the platinum boat, but later was estimated by incinerating 
5 grams of the material in a platinum crucible. 

In all, 25 charcoals were prepared and analysed, and the details of their 
preparation and composition are given in Table 1 . 
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No. of 

Temp, of 

Duration of 

Table I 

Carbon 

Hydrogen 

Ash 

Atomic 

Sample carbonisation 

carbonisation 

% 

0 / 

/o 

% 

Ratio 

I 

aso-’C 

2 hours 

76.03 

3-98 

1-54 

C/H 

1 .6 

2 

f) 

4 

77.67 

3-86 

1-54 

1-7 

3 

ff 

6 

77-93 

3-49 

1 .80 

1.9 

4 

9 J 

TO 

83.24 

3.21 

1.64 

2 . 2 

5 


t8 ” 

83.69 

3 02 

1.65 

2.3 

6 


24 '' 

85.19 

3-34 

1 .96 

2 . 1 

7 

450 °C 

4 ” 

89.74 

2.96 

1.42 

2.5 

8 


6 

90.54 

2.83 

T -43 

2.7 

9 


9 ” 

90 61 

2 .80 

1 .46 

2.7 

10 

5 So“C 

4 ” 

93 27 

2 .05 

J -43 

3.8 

II 

>> 

6 

93 50 

T.94 

1 .46 

4.0 

12 

650°(^ 

4 '' 

94 . 73 

1. 18 

1.86 

6.7 

13 


6 ’’ 

05.06 

O.QT 

1 .86 

8.7 

14 

75 o'’C 

4 

95-52 

0-55 

1 .62 

14.5 

15 


6 

95.86 

0 52 

1.58 

154 

16 

8so°C 

4 ” 

96.34 

0.39 

132 

20.6 

17 


6 

96.52 

0 34 

1.30 

237 

18 

45 o'’c; 

6 

01.37 

2 .72 

1 .66 

2.8 

19 

9 > 

6 

91 81 

2 75 

1 .46 

2 8 

20 

97 

6 

91-43 

2.74 

0.97 

2.8 

21 

99 

6 '' 

91-54 

2.54 

1 .46 

3-0 

22 

99 

6 '' 

90.38 

2 .28 

2.44 

3-3 

23 

HoX' 

6 

91 97 

0.73 

4.25 

10-5 

24 

99 

6 

92.84 

0.74 

4.01 

10.4 

25 

99 

6 

06.36 

0.37 

1.38 

21.7 


In Table' I, Ix'sidos details as to the ti'mperature and duration of carbonisa- 
tion, and figures for the percentage of carbon hydrogen and ash, there are 
included values of the atomic ratio So long as the facility for access of 

air is ke^pt uniform, a condition observed in the preparation of Samples 1-19 
and 25, thc^se values show a regular progression with the temperature at which 
carbonisation was carried out. For a given temperature the' value of the ratio 
rises in almost every case with increase in the duration of carbonisation. 
These results are in general agreement with such similar observations and 
measurements on w^ood charcoal as have been put on record (for example, 
Violette: Ann. chim. phys., 32 , 322 (1851)). 

The question how^ far the charcoals can be reproduced by caibonisation at 
a given temperature and with as nearly as possible the same conditions in 
respect to access of air, is answered by reference to Nos. 18 and 19, which are 
duplicates of No. 8, and to No. 25, which is a duplicate of No. 1 7. The degi-ee 
of reproducibility is fairly good in these cases. 



348 


JAMES C. PHILIP AND JOHN JARMAN 


The charcoals Nos. 20-24 are not strictly comparable with the others, 
since the conditions as regards access of air were somewhat different. In the 
preparation of Nos. 20-22 at 450° air had freer access, and in increasing degree, 
to the vessel in which the carbonisation was carried out. Still more was this 
the case with Nos. 23 and 24 prepared at 850®, and the difference in the condi- 
tions of carbonisation is reflected in the high percentage of ash and in the low 
value for the C/H ratio compared with that obtained for No. 17 or No. 15. A 
high value for the ash is to be expected when there is increased facility for 
oxidation, but the difficulty of seeming entirely reproducible results is shown 
by th(* fact that No. 24, (in the preparation of which the facility for oxidation 
was judged to be the greater) has a somewhat lower ash content than No. 23. 
Of the charcoals Nos. 20-22, prepared at 450®, the last has a distinctly high 
ash content, corresponding with the fact that the facility for air access was 
greatest in that case, but, on the other hand, the low figure found for the ash 
of No. 20 is puzzling when compared with the fairly steady values found for 
Nos. i-ig. The ('xceptional character of Nos. 23 and 24, brought out by the 
analytical resulls, is demonstrated also, as shown below, by their adsorptive 
capacities. 

Each of the charcoals detailed in Table I was tested in regard to its power 
of removing dissolved substances from solution. Aqueous solutions of five 
substances, of different character, were employed in the tests, which consisted 
in shaking up one gram of the charcoal, mechanically for a definite period in 
each case, with a standard quantity of the solution, and determining the final 
concentration of the latter. This was found by well-known analytical methods 
in the cases of iodine, oxalic acid, and methylene blue, and polarimetrically 
in the cases of tartar emetic and quinine sulphate. 

In connexion with the question of reproducibility, it is interesting to note 
from the results recorded in Table II that charcoals 18 and 19, which were 
designedly prepared as duplicates of No. 8 (see p.ooo and Table 1 ) are found to 
have also nearly the same adsorptive capacity. A similar remark applies to 
Nos. 17 and 25. 

When the figures for samples i-io and 25 (all prepared under more or less 
uniform conditions so far as access of air was concerned) are examined, it is 
seen that in the tests with tartar emetic and quinine sulphate there is, apart 
from minor fluctuations, a steady improvement in adsorptive capacity with 
rise of the temperature of carbonisation. In the case of methylene blue the 
charcoals prepared at 650° and below appear to be of approximately equal 
activity, while those prepared at 850® (or even at 750®) exhibit a marked rise 
in adsorptive power. With iodine and oxalic acid as reference substances, on 
the other hand, there is a general rise in the adsorptive value (not very marked 
in the case of iodine) to a maximum for the charcoals prepared at 650®. Those 
prepared at 750® and 850® exhibit a definite falling off in activity, so far as the 
adsorption of iodine or oxalic acid is concerned. 
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Table II 


Showing percentages of dissolved substances removed from a standard 
quantity of its aqueous solution by i gram of the different charcoals. 


No. of 


Oxalic 

Methylene 

Tartar 

Quinine 

Sample 

Iodine 

Acid 

Blue 

Emetic 

Sulphate 

I 

34-3 

2.8 

7-9 

0.04 

0.2 

2 

33.8 

2.4 

8.4 

0.08 

0.2 

3 

312 

3-2 

8.1 

0.07 

0.3 

4 

317 

6.S 

8.7 

0 08 

0.4 

5 

29 3 

4-4 

10.8 

0.08 

0-3 

6 

29.1 

6.3 

11 . 1 

0.04 

0.4 

7 

36.6 

9.6 

8,9 

0-3 

0.7 

8 

37-8 

10.4 

9-4 

0.3 

0.7 

9 

38.0 

10.5 

8.7 

0.4 

0,8 

10 

39-6 

13.6 

8.4 

0.3 

2 . 2 

II 

40.5 

16.0 

7-9 

0.9 

2-3 

12 

40.4 

18.6 

7.8 

0.8 

2.8 

13 

42.5 

21.3 

9.6 

1.8 

2.8 

14 

26.1 

II .6 

II .0 

30 

S -2 

15 

27,2 

12 .6 

25-9 

2.9 

5-4 

16 

13 -7 

7.2 

27.7 

3-3 

5-7 

17 

10.7 

8.3 

27.9 

3-3 

5.8 

18 

39-4 

ii-S 

7.8 

0.4 

0.7 

19 

39-7 

II. 7 

7-9 

0.4 

0.8 

20 

38.9 

II -5 

8.1 

0.4 

0.8 

21 

38.8 


9.2 

0.3 

0.7 

22 

36.8 

14.5 

8.5 

0-3 

C .7 

23 

37-7 

21.5 

36.3 

6.8 

10. 0 

24 

48.2 

24.9 

568 

7.6 

•27.9 

25 

10.7 

8.6 

27.4 

3-3 

5.8 


The effect of prolonging the carbonisation at a given temperature does not, 
from these experiments, appear to be very pronounced; in some cases there 
is an increase in adsorptive power, but it is not very regular, and in one in- 
stance the figures show a fairly definite decrease. 

A very notable increase of activity is exhibited by those charcoals pre- 
pared at 850® with comparatively free access of air (Nos. 23 and 24). The 
adsorptive power of these specimens is, by comparison, remarkably high, 
notably in relation to methylene blue, tartar emetic, and quinine sulphate. 

Stunmary 

(i) Birch wood has been carbonised at a series of regulated temperatures 
and for definite periods. 
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(2) Twenty-five samples of charcoal so obtained have been analysed for 
carbon, hydrogen, and ash, and their adsorptive power has been tested in 
relation to iodine, oxalic acid, methylene blue, tartar emetic and quinine 
sulphate. 

(3) It appears that the optimum temperature for the production of an 
active charcoal by carbonisation alone varies with the nature of the substance 
in the adsorption of which the cliarcoal is to be used. 

(4) Increased facility for access of air during the carbonisation results, at 
the higher temperatures, in a marked rise of activity. 

Imperial College of Science and Technology 
Ijondon, S. W. 7 



NEWTON AND THE PPJACOCK* 


BY WILDEK I). BAN CKO FT 

When I was in Montreal last autumn, Professor Eve calk'd rny attention 
to a copy of the first edition of Newton's Opticks published in 1 704 and owned 
by the Department of Physics in which there is a passage on the colors of 
peacock's feathers. Professor Eve was good enough to send me a typewritten 
transcript of this passage; but I have decided to put in some other paragraphs 
from Newton's Opticks and shall consequently make use of the third edition 
published in 1721, of which Cornell has a copy. 

On p. 168 Newton says that ^'it has Ix^en observed by others that trans- 
parent substances, as glass, water, air, etc., when made very thin by being 
blown into bubbles, or otherwise formed into plates, do exhibit various colours 
according to their various thinness, although at a greater they appear very 
clear and colourless." He then discusses experiments with glass prisms, plates, 
and lenses pressed together so as to form what are now known as Newton's 
rings. 

^^Compressing two prisms hard together that their sides (which by chance 
were a very little convex) might somewhere' touch one another: I found the 
place in which they touched to be absolutely transparent, as if they had there 
been one continued piece of glass. For when the light fell so obliquely on the 
air, which in other places was between them, as to be reflected, it seemed in 
that place of contact to be wholly transmitted, insomuch that when looked 
upon, it appeared like a black or dark spot, by reason that little or no sensible 
light was reflected from thence, as from other places ; and when looked through 
it seemed (as it were) a hole in that air which was formed into a thin plate, by 
being compressed between the glasses. And through this hole objects which 
were beyond might be seen distinctly, which could not at all be seen through 
other parts of the glasses where the air was interjacent." 

Better results were obtained by pressing together a plano-convex lens for 
a fourteen-foot telescope and a large double convex lens for about a fifty-foot 
telescope, p. 173. ^^Next to the pellucid central spot made by the contact of 
the glasses succeeded blue, white, yellow, and red. The blue was so little in 
quantity that I could not discern it in the circles made by the prisms, nor 
could I distinguish any violet in it, but the yellow and red were pretty copious, 
and seemed about as much in extent as the white, and four or five times more 
than the blue. The next circuit in order of color immediately encompassing 
these were violet, blue, green, yellow, and red: and these were all of them 
copious and vivid, excepting the green which was very little in quantity, and 

' This paper is a necessary consequence of exj^eriments supported by a grant from the 
Heckscher Foundation for the Advancement of Rese*»rrh. established by August Ileckscher 
at Cornell University. 
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seemed much more faint and dilute than the other colours. Of the other four, 
the violet was the least in extent, and the blue less than the yellow or red. The 
third circuit or order was purple, blue, green, yellow, and red; in which the 
purple seemed more reddish than the violet in the former circuit, and the 
green was much more conspicuous, being as brisk and copious as any of the 
other colours, except the yellow; but the red began to be a little faded, inclin- 
ing very much to purple. After this succeeded the fourth circuit of green and 
red. The green was very copious and lively, inclining on the one side to blue 
and on the other side to yellow. But in this fourth circuit there was neither 
violet, blue, nor yellow, and the red was very imperfect and dirty. Also the 
succeeding colours b(.*came more and more imperfect and dilute, till after 
three or four revolutions they ended in perfect whiteness.^^ When the glasses 
were most compross(?d so as to make the black spot appear in the center, the 
colours reckoned in order from the center were : black, blue, white, yellow, 
red; violet, blue, green, yellow, red; purple, blue, green, yellow, red; greenish 
blue, red; greenish blue, pale red; greenish blue, reddish white. 

On p. 187 Newton says; ^Thc precedent observations were made with 
a rarer thin medium terminated by a denser, such as was air or water, com- 
pressed between two glasses. In those that follow are set down the appear- 
ances of a denser medium thin^d within a rarer, such as are plates of muscovy 
glass, bubbles of water, and some other thin substances terminated on all 
sides with air. 

“If a bubble be blown with water first made tenacious by dissolving a 
little soap in it, ^tis a common observation, that after a while it will appear 
tinged with a great variety of colours. To defend these bubbles from being 
agitated by the external air (whereby their colours are irregularly moved one 
among another, so that no accurate observation can be made of them) as soon 
as I had blown any of them I covered it with a clear glass, and by that means 
its colours emerged in a very regular order, like so many concentrick rings 
encompassing the top of the bubble. And as the bubble grew thinner by the 
continual subsiding of the water, these rings dilated slowly and overspread 
the whole bubble, descending in order to the bottom of it, where they van- 
ish’d successively. In the mean while, after all the colours were emerged at 
the top, there grew in the center of the rings a small round black spot, like 
that in the first observation, which continually dilated itself till it became 
sometimes more than 1/2 or 3/4 of an inch in breadth before the bubble 
broke. At first I thought there had been no light reflected from the water in 
that place, but observing it more curiously, I saw within it several smaller 
round spots, which appeared much blacker and darker than the rest, whereby 
I knew that there was some reflexion at the other places which were not so 
dark as those spots. And by farther tryal I found that I could see the images 
of somethings (as of a candle or the sun) very faintly reflected, not only from 
the great black spot, but also from the little darker spots which were within it. 

“Besides the aforesaid colour’d rings there would often appear small spots 
of colours, ascending and descending up and down the sides of the bubble, by 



NEWTON AND THE PEACOCK 


353 


reason of some inequalities in the subsiding of the water. And sometimes 
small black spots generated at the sides would ascend up to Ihe larger black 
spot at the top of the bubble, and unite with it. 

‘^Because the colours of these bubbles were more extended and lively than 
those of the air thinn’d between two glasses, and so more easy to be distin- 
guishM, I shall here give you a fart, her description of their order, as they were 
observed in viewing them by reflexion of the skies when of a white colour, 
whilst a black substance was placed behind the bubVde. And they were these; 
red, blue; red, blue; red, blue; red, green; red, yellowy green, blue, purple, 
red, yellow, green blue, violet; red, yellow, white, blue, black. 

*'The three first successions of red and blue were very dilute and dirty, 
especially the first, where the red seem'd in a manner to be wliite. Among 
these there was scarce any other colour sensible besides red and blue, only the 
blues (and principall}^ the second blue) inclined a little to green. 

‘^The fourth red was also dilute and dirty, but not so much as the former 
three; after that succeeded little or no yellow, but a copious green, which at 
first inclined a little to yellow, and then became a pretty brisk and good willow 
green, and afterwards changed to a blueish colour; but there succeeded neither 
blue nor violet. 

‘The fifth red at first inclined very much to purple, and afterwards became 
more bright and brisk, but yet not very pure. This was succeeded with a very 
bright and intense yellow, which w^as but little in quantity, and soon chang'd 
to green: But that green was copious and something more pure and lively, 
than the former green. After that follow'd an excellent blue of a bright sky- 
colour, and then a purple, which w^as less in quantity than the blue, and much 
inclined to red. 

“The sixth red was at first of a very fair and lively scarlet, and soon after 
of a brighter colour, being very pure and brisk, and the best of all the reds. 
Then after a lively orange follow’d an intense bright and copious yellow, 
which was also the best of all the yellows, and this changed first to a greenish 
yellow, and then to a greenish blue; but the green between the yellow and the 
blue, was very little and dilute, seeming rather a greenish white than a green. 
The blue which succeeded became very good, and of a very fair bright sky- 
colour, but yet something inferior to the former blue; and the violet was 
intense and deep with little or no redness in it. And less in quantity than the 
blue. 

In the last red appeared a tincture of scarlet next to violet, which soon 
became changed to a brighter colour, inclining to an orange ; and the yellow 
which foDow'd was at first pretty good and lively, but afterwards it grew more 
dilute, until by degrees it ended in perfect whiteness. And this whiteness, if 
the water was very tenacious and well temper'd, would slowly spread and 
dilate it self over the greater part of the bubble; continually growing paler at 
the top, where at length it would crack in many places, and those cracks, as 
they dilated, would appear of a pretty good, but yet obscure and dark sky- 
colour; the white between the blue spots diminishing, until it resembled the 
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threds of an irregular net-work, and soon after vanish'd and left all the upper 
part of the bubble of the said dark blue colour. And this colour, after the 
aforesaid manner, dilated it self downwards, until sometimes it hath over- 
spread the whole bubble. In the mean while at the top, which was of a darker 
blue than the bottom, and appear'd also full of many round blue spots, some- 
thing darker than the rest, there would emerge one or more very black spots, 
and within those, other spots of an in tenser blackness, which I mention'd in 
the former observation, and these continually dilated themselves until the 
bubble broke. 

‘‘If the wat(ir was not very tenacious the black spots would break forth in 
the white, without any sensible intervention of the blue. And sometimes they 
would break forth within the precedent yellow, or red, or perhaps within the 
blue of the second order, before the intermediate colours had time to display 
themselves. 

“By this description you may perceive how great an affinity these colours 
have with those of air described in the fourth observation, although set down 
in a contrary order, by reason that they begin to appear when the bubble is 
thickest and arc most conveniently reckon'd from the lowest and thickest 
part of the bubble upwards." 

Newton has also considered the colors by transmitted light, pp. i8i, 194. 
“By looking through the two contiguous object glasses, I found that the inter- 
jacent air (exhibited rings of colours, as well by transmitting light as by refled - 
ing it. The central spot was now white, and from it the order of the colours 
were: yellowish red; black, violet, blue, white, yellow, red; violet, blue, 
gi*cen, 3"ellow, red, etc. But tlu'se colours were very faint and dilute, unless 
when the light was trajected very obliquely through the glasscvs: for by that 
means they ])ecame pretty vivid. Only the finst yellowish red, like the blue 
in the fourth observation, was so little and faint as scarcely to be discern'd. 
Comparing th(' colour'd rings made by reflexion, with these made by trans- 
mission of thci light; I found that white was opposite to black, red to blue, 
yellow to violet, and green to a compound of red and violet. That is, thos(' 
parts of the glass were black when looked through, which when looked upon 
appear’d white, and on the contrary. And so those which in one case exhibit- 
ed blue, did in the other case exhibit red. And the like of the other colours. . . 

“As in the ninth observation [preceding paragraph], so here, the bubble, 
by transmitted light, appear'd of a contrary colour to that which it exhibited 
by reflexion. Thus when the bubble being look'd on by the light of the clouds 
reflected from it, seem'd red at its apparent circumference, if the clouds at the 
same time, or immediately after, were viewed through it, the colour at its 
circumference would be blue. And, on the contrary, when by reflected light 
it appeared blue, it would appear red by transmitted light . . . . 

“A thin transparent body, which is denser than its ambient medium, 
exhibits more brisk and vivid colours than that which is so much rarer; as 
I have particularly observed in the air and glass. For blowing glass very thin 
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at a lamp furnace, those plates encompassed with air did exhibit colours much 
more vivid than those of air made thin between two glasses/' 

The question of the peacock is brought in under Proposition V of the 
Second Book, p. 226. “The transparent parts of bodies according to their 
several sizes reflect rays of one colour and transmit those of another, on the 
same grounds that thin plates or bubbles so reflect or transmit those rays. 
And this I take to be the ground of all their colours. 

“For if a thinn'd or plated body, which being of an even thickness, appears 
all over of one uniform colour, should be slit into threds, or broken into frag- 
ments, of the same thickness with the plate; I see no reason why every thred 
or fragment should not keep its colour, and by consequence why a heap of 
those threds or fragments should not constitute a mass or powder of the same 
colour, which the plate exhibited Ix^fore it was broken. And the parts of all 
natural bodies being broken like so many fragments of a plafce, must on the 
same grounds exhibit the same colours. 

“Now that they do so, will appear by the affinity of their properties. The 
finely colour'd feathers of some birds, and [larticularly those of th(‘ peacocks 
tails, do in the very same part of the feather af)[)ear of seviaal colours in several 
positions of the eye, after the very vsame manner that thin plates were found 
to do in the 7th and igth observations, and therefoie their colours arise from 
the thinness of the transparent parts of th(‘ feathers; that is, from the slender- 
ness of the very fine hairs, or capilkwientay which grow out of the sides of the 
grosser lateral branches or fibres of those feathers. And to the same purpose 
it is, that the webs of some spiders by being spun very fine have appeared 
colour'd as some have observcnl, and that the colour’d fibres of some silks by 
varying the position of the i^yo do vary their colour." 

While it is very interesting that Newton should have hit on the true expla- 
nation of the colors in peacock’s feathers, his opinion on this subject does not 
carry any special weight because the (question of surface reflection did not 
come up seriously until the discovery of such dyes as magenta in the nine- 
teenth century, and liecause Newton used the explanation of thin films in a 
number of cases in which we now know that that explanation was inap[)licable. 

Newton apparently believed that all colors are the colors of thin films, pp. 
227, 230. “By mixing divers liquors very odd and remarkable procluctions 
and chang(is of colours may Ih' effected, of which no cause could be more 
obvious and rational than that the saline corpuscles of one liquor do variously 
act upon or unite with the tinging corpuscles of another, so as to make them 
swell, or shrink (whereby not only their bulk but their density also may be 
changed) or to divide them into smaller corpuscles, (whereby a colour'd 
liquor may become transparent) or to make many of them associate into one 
cluster, whereby two transparent liquors may compose a (*olour'd one. For 
we see how apt those saline menstruums are to penetrate and dissolve sub- 
stances to which they are applied, and some of them to precipitate what 
others dissolve." 
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Scarlets, and other reds, oranges and yellows, if they be pure and intense 
are most probably of the second order. Those of the first and third order also 
may be pretty good, only the yellow of the first order is faint, and the orange 
and red of the third order have a great mixture of violet and blue. 

* There may be good greens of the fourth order, but the purest are of the 
third. And of this order the green of all vegetables seem to be, partly by 
reason of the intenseness of their colours, and partly because when they wither 
some of them turn to a greenish yellow, and others to a more perfect yellow or 
orange, or perhaps to red, passing first through all the aforesaid intermediate 
colours. Which changes seem to be effected by the exhaling of the moisture 
which may leave the tinging corpuscles more dense, and something augmented 
by the accretion of the oily and earlhy part of that moisture. Now the green 
without doubt is of the same order with those colours into which it changeth, 
because the changes arc gradual, and those colours, though usually not very 
full, yet are often too full and lively to be of the fourth order. 

^ 'Blues and purples may be either of the second or third order, but the 
best are of the third. Thus the colour of violets seems to be of that order, 
because their syrup by acid liquors turns red, and by urinous and alcalizate 
turns green. For since it is of the nature of acids to dissolve or attenuate, and 
of alcalies to precipitate or incrassate, if the purple colour of the syrup was 
of the second order, an acid liquor by attenuating its tinging corpuscles would 
change it to a red of the first order, and an alcali by incrassating them would 
change it to a gioen of the second order; which red and green, especially the 
green, seem too imperfect to be the colours produced by these changes. But 
if the said purple be supposed of the third order, its change to red of the 
second, and green of the third, may without any inconvenience be allow’d. 

'Tf there be found any body of a deeper and less reddish purple than that 
of the violets, its colour most probably is of the second order. But yet there 
being no body commonly known whose colour is constantly more deep than 
theirs, I have made use of their name to denote the deepest and least reddish 
purples, such as manifestly transcend their colour in purity. 

"The blue of the first order, though very faint and little, may possibly be 
the colour of some substances; and particularly the azure colour of the skies 
seems to be of this order. For all vapours when they begin to condense and 
coalesce into small parcels, become first of that bigness whereby such an azure 
must \)e reflected before they can constitute clouds of other colours. And so 
this being the first colour which vapours begin to reflect, it ought to be the 
colour of the finest and most transparent skies in which vapours are not ar- 
rived to that grossness requisite to reflect other colours, as we find it is by 
experience. 

"Whiteness, if most intense and luminous, is that of the first order, if less 
strong and luminous a mixture of the colours of several orders. Of this last 
kind is the whiteness of froth, paper, linen, and most white substances; of 
the former I reckon that of white metals to be. For whilst the densest of 
metals, gold, if foliated, is transparent, and all metals become transparent if 
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dissolved in menstruums or vitrified, the opacity of white metals ariseth not 
from their density alone. They being less dense than gold would be more 
transparent than it, did not some other cause concur with their density to 
make them opake. And this cause I take to be such a bigness of their particles 
as fits them to reflect the white of the first order. For if they be of other thick- 
nesses they may reflect other colours, as is manifested by the colours which 
appear upon hot steel in tempering it, and sometimes upon the surface of 
melted metals in the skin or scoria which arises upon them in tlanr cooling. 
And as the white of the first order is the strongest which can be made by f)lates 
of transparent substances, so it ought to be stronger in the denser substances 
of metals than in the rarer of air, water, and glass. Nor do I see but that 
metallic substances of such a thickness as may fit them to reflect the white 
of the first order, may, by reason of their great density (according to the 
tenour of the first of these propositions) reflect all the light incident upon them, 
-and so be as apake and splendent as it's possible for any body to be. Gold, or 
copper mix^d with less than half their weight of silver, or tin, or regulus of 
antimony, in fusion, or amalgamed with a very little mercury, become white; 
which shews both that the particles of white metals have much more super- 
ficies, and so are smaller than those of gold and copper, and also that they ai^e 
so opake as not to suffer the particles of gold or copper to shine through th('m. 
Now it is scarce to be doubted, but that the colours of gold and copper mv of 
the second or third ordei*, and therefore the particles of white metals cannot 
be much bigger than is requisite to make them reflect the white of th(^ first 
order. The volatility of mercury argues that they arc not much bigger, nor 
may they be much less, lest they lose their opacity, and become either trans- 
parent as they do when attenuated by vitrification, or by solution in mens- 
truums, or black as they do when ground smaller, by rubbing silver, or tin, 
or lead, upon other substances to draw black lines. The first and only colour 
which white metals take by grinding their particles smaller, is black, and there- 
fore their white ought to be that which borders upon the t>lack spot in the 
center of the rings of colours, that is, the white of the first order. But if you 
would hence gather the bigness of metallic parti(!les, you must allow for their 
density. For were mercury transparent, its density is such that the sine of 
incidence upon it (by any computation) would be to the sine of its refraction, 
as 71 to 20, or 7 to 2. And therefore the thickness of its particles, that they 
may exhibit the same colours with those of bubbles of water, ought to be less 
than the thickness of the skin of those bubbles in the proportion of 2 to 7. 
Whence it’s possible that the particles of mercury may be as little as the par- 
ticles of some transparent and volatile fluids, and yet reflect the white of the 
first order. 

^^Lastly, for the production of black, the corpuscles must be less than any 
of those which exhibit colours. For at all greater sizes there is too much light 
reflected to constitute this colour. But if they be supposed a little less than 
is requisite to reflect the white and very faint blue of the first order, they will, 
according to the 4th, 8th, 17th and i8th observations, reflect so very little 
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light as to appear intensly black, and yet may perhaps variously refract it to 
and fro within themselves so long, until it happen to be stifled and lost, by 
which means they will appear black in all positions of the eye without any 
transparency. And from hence may be understood why fire, and the more 
subtle dissolver putrefaction, by dividing the particles of substances, turn 
them to black, why small quantities of black substances impart their colour 
very freely and intently to other substances to which they are applied; the 
minute particles of these, by reason of their very great number, easily over- 
spreading the gross particles of others; why glass ground very elaborately 
with sand on a copper plate, ^till it be well polished, makes the sand, together 
with what is worn off from the glass and copper, become very black: why 
black substances do soonest of all others become hot in the sun^s light and 
burn, (which effect may proceed partly from the multitude of refractions in a 
little room, and partly from the easy commotion of so very small corpuscles;) 
and why blacks are usually a little inclined to a bluish colour. For that they 
are so may be seen by illuminating white paper by light reflected from black 
substances. For the paper will usually appear of a bluish white; and the 
reason is, that black borders on the obscure blue of the first order described 
in the iSth observation, and therefore reflects more rays of that colour than 
of any other. 

^In thes" descriptions I have been the more particular, because it is not 
impossible but that microscopes may at length be improved to the discovery 
of the particles of bodies on which their colours depend, if they are not already 
in some measure arrived to that degree of perfection. For if those instruments 
are or can be so far improved as with sufficient distinctness to represent objects 
five or six hundred times bigger than at a foot distance they appear to our 
naked eyes, I should hope that we might be able to discover some of the great- 
est of those corpuscles. And by one that would magnify three or four thou- 
sand tim(j8 perhaps they might all be discovered, but those which produce 
blackness. In the mean while I see nothing material in this discourse that 
may rationally be doubted of, excepting this position. That transparent 
corpuscles of the same thickness and density with a plate, do exhibit the same 
colour. And this I would have understood not without some latitude, as well 
because those corpuscles may be of irregular figures, and many rays must be 
obliquely incident on them, and to have a shorter way through them than the 
length of their diameters, as because the straitness of the medium pent in on 
all sides within such corpuscles may a little alter its motions or other qualities 
on which the reflexion depends. But yet I cannot much suspect the last, 
because I have observed of some small plates of muscovy glass which were of 
an even thickness, that through a microscope they have appeared of the same 
colour at their edges and corners where the included medium was terminated, 
which they appeared of in other places. However it will add much to our 
satisfaction, if those corpuscles can be discovered with microscopes; which if 
we shall at length attain to, I fear it will be the utmost improvement of this 
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sense. For it seems impossible to see the more secret and noble works of 
nature within the corpuscles by reason of their transparency. — ” 

Newton does not admit the existence of what arc now called pigment 
colors. He considers all forms of color as structural color. One docs not 
quite understand his point of view because most of the colors of plants are not 
different by transmitted and reflected lights. In the case of the blue sky, we 
are dealing with a structural color due to very fine particles; but the principle 
involved is not that of interference. 

There can be no question as to Sir Isaac’s meaning because he repeats his 
views with great clearness, p. 251. “I have hitherto explained the power of 
bodies to reflect and refract, and shew’d, that thin transparent plates, fibres 
and particles do, according to their several thicknesses and densities, reflect 
several .sorts of rays, and thereby appear of several colours, and by conse- 
quence that nothing more is requisite for producing all the colours of natural 
bwlies than the several sizes and densities of their transparent particles.” 

Cornell VnimnUy 



THE FREEZING OF WATER IN CAPILLARY SYSTEMS: 
A CRITICAL DISCUSSION 


BT E. A. FIBHEB 


A considerable amount of work has been done at various times on the 
freezing of water in such capillary systems as inorganic hydrogels, soils, etc. 
This work has been mainly along two lines (a) the actual depression of the 
freezing point as related to the moisture content and nature of the system 
and (b) dilatometric determinations of the amounts of water that will freeze 
at various temperatures. Both lines of investigation have been applied by 
G. T. Bouyoucos and his co-workers* to soil-water systems with such remar- 
kable results that to accept them at their face value would necessitate an en- 
tirely new conception of the moisture relations of the soil and the forms in 
which water exists in the soil and other similar capillary systems. Thus it 
was found by Bouyoucos that the lowering of the freezing point of a soil in- 
creased in approximately geometrical progression as the moisture content de- 
creased in arithmetical progression and this seemed to indicate that, contrary 
to general belief, the concentration of the soil solution in any particular soil 
sample is not inversely proportional to the moisture content of the sample. 
The diflBculty was explained away by assuming that a considerable proportion 
of the water of the soil was cither physically adsorbed or loosely chemically 
combined or present in solid solution so that this portion of the water was not 
free to function as a solvent but was removed from its active liquid phase. 
A similar conclusion had l)een reached, apparently quite independently, by 
Foote and Saxton* in a dilatometric study of the freezing of water in sand, 
lampblack and the hydrogels of alumina, ferric oxide, and silica. These 
workers found that considerable quantities of water, in some cases up to 50 
or 60 percent of the dry weight of gel, apparently failed to freeze in the hydro- 
gels while no such phenomenon was observed with sand or lampblack. 

Bouyoucos and his co-workers obtained similar results in their dilato- 
metric studies on soils. They found in 73 cases examined that the amount of 
water that failed to freeze at 78‘’C was nothing in the case of quartz sand but 
varied with soils from 1.2% (calculated on a dry weight basis) with a coarse 
sand to 14.6% with a California silty clay loam. They also give the following 

* G. T. Bouyoucos and others: Mich. Agr. Coll. Expt. Sta. Tech. BuU. 24 (1915); 
27 (1916); 31 (1916): 36 (1917); 37 (1917); 42 (1918); J. AgrL Res. 8, 195 (1917); 1 ^, 331 
(1918); 20, 267 (1920); 20, 587 (1921); Soils Sci. 11, 33, 255, (1921). 

• J. Am. Chem. Soc. 38 , 588 (1916); 39 , 627, 1103 (1917). 
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for other materials: peat 6%, silica 32^, animal charcoal 19.0^ , burned clay 
2.8% and lampblack 2.0%.^ 

These conclusions have not been g^'iierally accepted by workers in soil 
science and some critical work has been done. Foote and Saxton found with 
silica gels that the amount of water that would not freeze at — 78®C varied from 
29.6% to 44.6%. Lenher^ submitted samples of silica gel to pressure so 
as to squeeze out some of the water and found a water content of 1 2.3 to 12.9% 
after exposure for some time to a pressure of 272,700 kgs. per sq. in. In these 
experiments more than half the ‘combined’ water of Foote and Saxton was 
squeezed out by mechanical pressure. While thi^se results are not theoretically 
inconsistent® with Foote and Saxton’s conception of ‘combined’ water the 
amount of such water squeezed out by the pressure applied appears surpris- 
ingly large. 

Keen^ submitted the freezing point depression data of Bouyoucos to 
mathematical analysis and concluded that in any given soil samphi the water 
rendered unfree is not a constant amount but must vary with the total mois- 
ture content a conclusion that was contradicted by later experimental work 
of Bouyoucos.*^ 

F. W. Parker® showed that, although the pn'sence of colloidal particles 
had been .shown by many investigators to have an extremely small or even 
negligible effect on the freezing point of a liquid, very different results obtained 
if the amount of water is reduced until it is entirely in the film or capillary 
condition. Thus ferric oxide, alumina, soil, or silica would cause a depression 
of the freezing point of water, benzene, or nitrobenzene when the liquid exists 
in the film or capillary condition in the solid material. This had been shown 
to be the case by Bouyoucos himselF with quartz and water but he attributed 
it to the solubility of something in the sand itself. Parker pointed out that 
if part/ of the water is rendered unfree by a soil then aqueous solutions of 
alcohol, glycerin or sugar should be rendered more concentrated whem added 
to a dry soil.^ It was demonstrated that such was not the case and that the 
freezing point depression due to capillarity and that due to the presence of 
solutes are in all cases additive.® Parker’s work appears to be satisfactory as 

^ This may be experimental error since Foote and Saxton (loc. cit). found in one case 
with lampblack that 101.78% of the water froze at --78®C. The error with sand was 

•fi.85%. 

* J. Am. Chem. Soc. 43, 391 (1921). 

* Nernst: ^Theoretical Chemistry 766 (1923); Roozeboorn: “Die heterogenen Gleich- 
gewichte,^' Erstes Heft, p. 213. 

* J. Agri. Sci. Q, 400 (1919). 

* Soil Sci. 11, 255 (1921). 

* J. Am. Chem. Soc. 43 , lou (1921). 

^ Bull, 24 and 31 loc. cit. 

* This would be so even if the solutes were appreciably adsorbed by the dry soil. The 
amount of ^combined’ water may be as much as 40 or 50 percent of the total water present. 
It is unlikely that a non-electrolyte would be adsorbed to a degree that would obliteraf/C the 
effect on concentration of the removal of such large amounts of solvent. Sugar is known to 
be adsorbed but is so only to a slight extent, 

* Soil Sci. 13 , 43 (1922). 
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a qualitative basis for clearing up the apparent anomalies of the freezing 
point depressions but leaves the dilatometric results untouched. It is the ob- 
ject of the present note to indicate a few criticisms that may affect the validity 
of the conclusions drawn from the experimental results. 

The work of Bouyoucos, Foote and Saxton, and of Parker establishes the 
fact that the freezing point of water in capillary systems is lower than that of 

water in bulk.^ Thus in Fig. are plot- 
ted the volumes of contraction and ex- 
pansion upon cooling to ?o°C and re warm- 
ing of quartz sand. AB represents the con- 
traction on cooling the sand + water from 
5® to — I®. At —I® freezing commenced, 
the whole of the water froze at this tem- 
perature and BC measures the increase in 
volume consequent on the freezing. From 
this measured expansion the amount of 
water frozen can be calculated and in 
the case of quartz sand corresponds to 
the known water content. CD measures 
the contraction on cooling the sand + 
ice from —i® to —20®. CD is almost 
exactly parallel to AB. On raising the 
temperature the process is quantitatively 
reversed except that melting did not take 
place until o® was reached. 

In Fig. 2 are given the data for a clay 
soil. Again AB represents the contraction of soil + water from 5® to — i®. 
DC measures the expansion due to the freezing of some water at — i®. Along 
CD from —1° to —4° the curve represents the result of expansion due to 
the freezing of capillary water and of the contraction of soil + ice + water 
due to decreasing temperature. From —4® to — 78® the curve is straight within 
the limits of experimental error and is nearly parallel to AB. DE should be 
coincident with CD up to —4®. The slight divergence is probably due to 
some little water in the very finest capillaries not freezing until below —4® 
although the amount in this particular case is insufficient to produce a definite 
curvature. 
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' A possible source of error in determinations of freezing point depressions of liquids in 
capiUaiy systems may be pointed out here as no reference seems to have been made to it in 
the literature of the subject. If 100 gms. of soil containing i.o percent of water is super- 
cooled to — 4®C and then solidification is induced, 80 calories of (latent) heat are liberated. 
Of these about 4 Cal. are used up in raising the temperature of the ice from —4® to approxi- 
mately o®, leaving 67 cals, to raise the 99 gms. dry soil thro\igh the same temperature 
range. Assuming the specific heat of soil to be about 0.20 [H. E. Patten: U. S. Dept. 
Agri., Bur. Soils, Bull. 50, (1909): Bouyoucos: Mich. Agri. Coll. Expt. Sta., Tech. Bull. 17 
(1913)], 79 cals, will be needed for the latter purpose. Hence measurements of F. P. D. 
in such systems arc accurate only if the water content is greater than a certain critical 
amount^ e.g. in the above example about i . o percent. 

* Figs. I and 2 are reproduced from Bouyoucos: Bull. 36 loc. cit. 



FREEZING OF WATER IN CAPILLARY SYSTEMS 


It has been suggested that some or all the apparent depression of the 
freezing point may be due to supercooling and Bouyoucos has shown that 
capillary water may be supercooled to —4.2° without freezing if agitation is 
carefully avoided. Water in bulk can be supercooled to —6° without freezing 
but in all cases supercooling is negligible if agitation is employed. Super- 
cooling can however be definitely ruled out hero since, on warming the frozen 
mass, ice begins to melt at — 4°. A solid 
cannot be superheated above its melting ^ 

point and the fact that curvature in DE T 

begins at — 4° shows that some ice must . \ 

be melting at that temperature. With ^ ^ 

some samples of silica gel Foote and Sax- \ I ! 

ton showed that curvature began on re- ‘ ' 

warming even below —30°. There can ^ \ i j 

be no doubt therefore as to the experi- ^ ^ 1 

mental facts of capillary water having a ^ | 

lower F.P. than water in bulk. Such ax ^ 

lowering of F.P. must also follow theo- ^ 

retically from the lowering of vapor pres- ^ 

sure of water due to capillarity since only 3 | \ 

the liquid phase is so affected'. That is, § ^ I \ 

the vapor pressure-temperature curve for ^ | temperatOre ^^ l' 

capillary water is below that of water in i’0*-r -y -10* -15’ -20 

bulk while the curve for the ice phase 2 

is unaffected. Hence the point of inter- 
section of the ice and water v.p. curve, t.c. the F.P. must be lower in capillary 
than in non-capillary systems. 

In such systems as those considered here the ‘capillary-adsorbed’ water, as 
it is called by Bouyoucos, is held in two ways: some little of it is held as an 
adsorbed film round the particles of material, but by far the greater portion 
is present as annular water wedges between the grains. These two kinds of 
water, although regarded as one kind by Bouyoucos, Parker and others, 
exist probably under very different mechanical conditions. The adsorbed 
film is held on the surface of the particles by cohesive forces of great magni- 
tude and it has been calculated, from certain experimental data, that such 
films may be under pressures of the order of magnitude of 10000 to 20000 at- 
mospheres with corresponding increase in density.^ The water wedges how- 
ever, owing to the concavity of their menisci and when the diameters of the 
menisci are less than 3/x, are probably under negative pressure or tensions — 
that increase very rapidly with decreasing diameters. 

Thus* the tension is connected with vapor pressure by the relationship 

Q=RTp Iog,« 51 -Po 
Pi 

‘ See ref. i, p. 362. 

* A. M. Williams: Proc. Roy. Soc. 98 A, 223 (1920); Harkins and Ewing: J. Am. Chem. 
Soc. 43 , 1787 (1921). 

•F. J. W. Whipple: Proc. Phys. Soc. Lond. 34 , i (1922). 
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in which Q— tension, R = gas constant, T = absolute temperature, po=* 
vapor pressure of water in bulk i,e, over a plane surface, pi = the vapor pres- 
sure of water over the meniscus, Po = atmospheric pressure all measured in 
C. G. S. units, and p= density of water. The tube radius, r, can be calcu- 
lated from the relationship 

~ =gph=RTplog,o55- 
r Pi 

in which a = surface tension, whence 



Thus when the diameter of the meniscus has been lowered to 2.4 p/x (corres- 
ponding for example in the case of a Rothamsted clay subsoil with 55.4 per- 
cent clay fraction, to a water content of 7.5 percent' the tension may be as high 
as T170 atmospheres. Assuming that the compressibility and extensibility 
curves for water arc continuous*-* and extrapolating to a pressure of —1170 
atmospheres the volume of the water would be over 7 percent greater than its 
volume in bulk.^ The expansion on freezing according to Foote and Saxton^s 
figures is 9.32 percent, or according to Bunsen^s data 9.07 percent. The actual 
expansion therefore due to the freezing of such water in this particular case 
would be not 9 percent but 2 percent. Since the amounts of water frozen is 
calculated from the magnitude of the expansion 78 percent of the water in the 
example cited would be returned as ‘unfree^ i.c. as unfrozen at 78°C. The 
validity of the conclusions drawn from dilatometric work depends, as Foote 
and Saxton themselves point out, on the density of capillary water being the 
same as that of water in bulk and their work on lampblack certainly appeared 
to show that this assumption was correct for lampblack. It was therefore 
assumed to hold also for hydrogel . This conclusion however may be questioned. 
The curve for lampblack^ (Fig. 3) differed in some important respects from 
those for hydrogels and soils. Both CD and D'F (Fig. 3) were straight but 
were not eoinci(Jent over any part of their course. D'F was practically parallel 

1 E. A. Fisher: Proc. Roy. Soc. 103 A. 139 (1923). 

* This was shown to be the case by A. M. Worthington: Phil. Trans. 183 A, 355 (1893) 
for pressure ranges of —17 and -I-12 atmospheres for alcohols. 

* It is not desired to lay any particular stress on these values of 7 percent and 1170 
atmospheres. The former is the result of a particularly large extrapolation and the latter 
rests on the ^plicability of considerations of surface tension to pores of extremely small 
dimensions. Both may be unsound in such extreme cases but, as in the application of the 
gas laws to the concentrated solutions, the orders of magnitude may be right even though 
the actual values are probably far from correct. In any case the relations between vapor 
pressures and tensions of capillary columns do not depend on surface tension considerations 
and are more reliable. The existence of such tensions in capillary liquid columns has been 
used by Whipple (loc. cit) as an explanation of the action of a hair hygrometer and by the 
present writer [( J. Agri. Sci. 14 (1924)] to explain residual shrinkage in soils and clays. 

* J, Am. Chem. Soc. 39, 627 (1917). 
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to AB as in other cases but no curvature was exhibited by any part of the curve. 
The divergence of CD and D'F seems to indicate that some capillary water 
was being frozen along CD: it is certainly difficult to attribute any other 
significance to this divergence. At the same time it is equally difficult to see 
why progressive freezing of apparently such considerable quantities of water 
should not be accompanied by curvature between C and D, especially just 
below C. Such curvature invariably oc- 
curs with soils and hydrog(ds. It corres- j fN. | 

ponds to the fact that for different decre- \ 1 

ments of temperature the amount of wat- *\ c \ 

er freezing per given decrement dimin- ^4 ^ — : 

ishes at a rapidly increasing rate, and this ^ jv | 

simply means (a very obvious conclusion I ^ \ \ ! 

in the case of granular media in which ^ j - - _ 

the capillaries are in the nature of water 5 , \\ I 

wedges) that on any probable distribution ^ 

of capillaries as regards size a group of j 

large capillaries will contain a larger total i 1 jr.Mr^ERATURr “c ' 

amount of water than a group of smal- 4* -a* \Z‘ ~ 30 ‘ ^ 

ler ones. Thus if there are present, a series ^ 

of pores of circular cross section of radii 

ri> r2> . . r,„ the water in which would freeze at — ti°, — 1% . . and 
the numbers of each were in, . Un- Th(m the volume of each group 

would be TTUir^li, Trnsr^b,. . . irn,ir2„l„ in which b, b, . ..In are the 
lengths of the pores. The freezing cmve CD would be straight (assuming 
constancy of density for the water) only in the very improbable contingency 
of TTRiri^b, being equal to 7rn2iVd2, being ((jual to Triinr^,,!,,. In all cases (ex- 
cept lampblack), where the euivatuie I clow C is slight, CD and DF lie re- 
latively close to each other. Such is the case with alumina for ('xample which 
has little capillary w^ater but much ^combined^ water. Lampblack on the 
other hand see^ms to have much cajiillary water but no Combined' water. 
Moreover, in spite of the large amount of capillary water below —6® indicated 
by the cooling curve, no ice melted on waiming to —6° which was the highest 
temperature of re-waiming attained in Foote and Saxton’s experiments: the 
warming curve indicates the absence of capillar}" water up to —6°. It was 
unfortunate that re-warming was not continued to o®. I^ampblack certainly 
appears anomalous in some respects and the argument based on its behavior 
that the density of water in soils and hydrogels is that of water in bulk is not 


convincing. 

The above explanation of the so-called ‘combined’ or unfree water of 
hydrogels and soils is consistent with many of the experimental data. Thus 
any process, such as prolonged digestion with water, that would reduce the 
size of the capillaries would reduce the amounts of both of apparent capillary 
water (i.c. the water that freezes below o® C) and of ‘combined’ water (that 
apparently will not freeze at all). The former would be affected relatively to 



366 


E. A. FISHEK 


a much greater extent than the latter because in the latter case although the 
smaller capillaries would mean less water, the greater tensions due to reduc- 
tion in size of the smallest capillaries would result in greater extension of the 
wafer resulting again in a smaller expansion on freezing. The amount of 
water returned as combined would be relatively increased thus reducing the 
absolute amount. Table 1, slightly modified from Foote and Saxton’s paper, 
illustrates this. 

Table I 

Apparent Capillary and Apparent Combined Water in Silica Gel 


Material 

Untreated 

Digested with water 
24 hrs. 

Digested with water 
7 days 


Apparent Cap. Water 
% of dry Wt. of 8162 

57 

44 

29 


App. Combined Water 
% of dry Wt. of SiOg 

44.3 


39-1 


29.9 


Again the effect of repeated freezing and thawing, on the amounts of 
capillary and ‘combined^ water might be expected to differ with different 
materials as was actually found to be the case by Bouyoucos. With granular 
material like sands and sandy loams comparatively poor in colloidal matter 
little effect would be expected. With clay soils rich in colloidal matter re- 
peated freezing would tend to flocculate the colloids, causing some slight 
approximation to silts one would expect in this case a reduction in the amount 
of ‘combined’ water. With silica gel in which the water is present not as 
annular water wedges as is the case with silts but in thick-walled actual capil- 
lary pores little effect would be expected. These expectations are quite borne 
out by the data given in Table II. Lampblack again appears to be anomalous. 

Such an explanation is also consistent with the fact that the amount of 
water that apparently fails to freeze is quite independent of the total moisture 
content. In any given annulus as the temperature is lowered the water would 
presumably freeze from the surface, i.c. the meniscus, inwards. A fresh 
meniscus, smaller in diameter, would be formed and the unfrozen wedge would 
be lower in vapour pressure and freezing point and, if the above considerations 
are valid, under greater tension and therefore of slightly greater relative 
volume. Provided the lowering of temperature be brought about gradually, 
as is generally the case, so that equilibrium can be established at each tempera- 
ture the amount of so-called ‘combined’ water should obviously be independ- 
ent of the total moisture content. If the system could be very rapidly cooled 
to a lowtemperature,say — 78 °,so that the mass froze rapidly thereby affording 
insufficient time for the progressive adjustments in vapour pressure and tension 
to occur, it is not unlikely that the amount of ‘combined’ water would be 
found to be dependent on the total moisture content. This however does not 
appear to have been investigated. 


* Cf. S. U. Pickering: Proc. Roy. Soc. 94 A, 315 (1918). 
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Table II 

Effects of Repeated Freezing and Thawing on the Amount of Water that 
failed to freeze at — 78°C (Bouyoucos) 


Material Times 

Water that fail- 

Material 

Times 

Water that fail- 

frozen 

ed to freeze 


frozen 

ed to freeze 


(;es. 



CCS. 

Quart z sand i 

0.00 

Wisconsin 

T 

2 .40 

2 

0.00 

superior 





Clay 



Fine sandy loam i 

0 

00 

0 


2 

1 .80 

2 

0 

00 

0 


3 

I .80 

3 

0 

00 

0 

Silica 

I 

1 .60 




2 

1 .60 

Loam I 

1 .60 




2 

1 .60 

Muck 

I 

I .20 

3 

1 .60 


2 

1 .00 

Heavy brown silt 



3 

1 .00 

loam 1 

2 .40 

Peat 

I 

3.60 

2 

1-75 


2 

2 .90 

3 

1-75 


3 

2.90 

Heavy dark brown 


Lampblack 

I 

0.90 

silt loam 1 

2.45 


2 

0.46 

2 

T.85 


3 

0. 10 




4 

0 

h* 

6 

Clay I 

2 go 




2 

1 .90 




3 

I 90 





Summary 

The dilatometric studies of Bouyoucos and his eo-workers on soils and of 
Foote and Saxton on inorganic hydrogels appeared to indicate that much of 
the water in such systems failed to freeze even at temperatures as low as 
78°C and it was concluded that such water cannot be present as free liquid 
water but must be physically adsorbed or chemically combined or in solid 
solution. In the above note these conclusions are criticised. It is pointed out 
that water present in very fine capillary tubes or pores must be under consider- 
able tension and hence possibly the density of such water is not necessarily 
the same as that of water in bulk. The conclusions of the workers cited rest 
on the assumption that the density of water in such capillary systems is the 
same as that of water in bulk. Until this point is cleared up by further ex- 
perimental work it is difficult to accept these conclusions based as they are 
solely on dilatometric studies. 

The writer is glad to record his indebtedness to Professor J. W. McBain, 
F.R.S., for helpful criticism, in the preparation of this paper. 

Department of Textile Industries 

Leeds University 



THE PHYSICAL CHEMISTRY OF DYEING: SUBSTANTIVE DYES 


BY T. R. BRJGGS 

The term “substantive"’ as applied to dyes was introduced originally by 
Edward Bancroft^ in the following words. “To me, however, colouring matters 
seem to fall naturally under two general classes; the first including those mat- 
ters, which, when placed into a state of solution, may be fixed with all the 
permanency of which they are susceptible, and made fully to exhibit their 
colours in or on the dyed substance, without the interposition of any earthy 
or metallic basis; and the second, comprehending all those matters which are 
incapable of being so fixed, and made to display their proper colours, without 
the mediation of some such basis. The colours of the first class I shall de- 
nominate substantive; using the term in the same sense as it was employed by 
the great Lord Verulam, as denoting a thing solid by, or depending only upon, 
itself ; and colours of the second class I shall call adjective, as implying that 
their lustre and permanency are acquired by their being adjected upon a 
suitable basis.” 

Having thus defined the term and having pointed out that certain coloring 
matters, adjective to cotton, might be, and actually were, substantive to wool, 
Bancroft proceeded to describe the substantive colors which were available 
at that time. His list included Tyrian Purple (the secretion of a certain shell- 
fish), Indigo, Turmeric, Safflower, and the various mineral colors. In regard 
to the latter colors it is interesting to read- that “the affinity between cotton 
and the oxide of iron is so strong, that by simply moving the former about in 
water, wherein the sulphate of iron has been dissolved and left exposed to 
atmospheric air for a few days, it will gi*adually attract and take to itself every 
particle of the metallic oxide.” 

None of the early coal tar colors appears to have been substantive to cotton, 
and it was not until 1884, when Bottiger discovered Congo Red, that an arti- 
ficial dye, definitely substantive to cotton, as well as to wool and silk, became 
available. Since the introduction of Congo Red, many other substantive 
cotton dyes have been brought into use, notably the Mikado colors and the 
Primulines. The majority of these dyes are also substantive to wool and silk. 

In the modern classification of dyes, adopted by technical colorists, the 
term “substantive dye” has taken on a rather specialized and narrow meaning. 
According to Matthews* the so-called substantive dyes “include derivatives of 
benzidine, tolidine, diamidostilbene, and various azoxy diamines; they also 
include certain derivatives of stilbene, such as the Mikado colors. . . . An- 
other class of direct cotton or substantive dyes is not included in the azo dyes 

' ^‘Philosophy of Permanent Colours,” 1, 118 (1813). 

* Bancroft: Ibid., 1, 313 (1813). 

* ‘^Application of Dyestuffs,” 275 (1920). 
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at all, but is derived from certain bases made from snljihur compounds of 
paratoluidine or its homologues; these form the primuline group of dyes/^ 
The members of this group of dyes, all more or less ^sohible^ in water, an^ 
similar' chemically to the acid dyes, being employed in the dyebath in the form 
of their sodium salts or as the free dye acid; they differ markedl}^ however, 
from the acid dyes in their mode of application to the fiber. 

In the broad sense of Bancroft’s definition, and because of their marked 
similarity to the substantive dyes, (as defined by Matthews), in respect of 
their behavior in the d3^ebath and toward the fiber, one should include among 
the substantive dyes the immedial or Sulphur dyes,® the Vat dyes (such as the 
leuco form of Indigo),^ suspensions of the inorganic colors,® and certain col- 
loidal developing agents, such as those of the Naphthol AS series®. Under 
certain circumstances some of the acid^ and basic dyes® appear to behave lik(' 
substantive dyes. 

Dyeing with Substantive Dyes, Comparison with Acid Dyes 

In practice,*-^ the substantive dyes are employed in either neutral, acid, 
or alkaline dyebaths, usually with the addition of an assistant, the action of 
which is to effect an increase in the amount of color adsorbed by the fiber and 
to further the exhaustion of the dyebath. These assistants are stated to be 
salts, such as sodium chloride or sodium sulj)hate, though as a matter of fact 
acids and bases act in the same way. Thus we have found that both hj'^dro- 
chloric acid and sodium hydroxide, in moderate amounts, cause an increase in 
the quantit}^ of Buffalo Direct R('d adsorbed by cotton, precisely as is done 
by sodium chloride or by sodium sulphate. B(»cause of the rather striking 
assisting action of salts, the substantive colors are often spoken of as *salt’ 
dyes. 

The substantive* dye\s differ distinctly from the acid dyes in the effect pro- 
duced on the dyeing process by bases and salts containing univalent cations, 
even though the two classes of dyes are chemically similar. Sodium hydroxide 
acts normally as a restrainer^® with acid dyes, but as an assistant with substan- 
tive dyes, while hydrochloric acid may act as assistant with both. Sodium 
chloride is without much effect in the case of acid dyes, but is an active assist- 
ant with the substantive class. The difference is marked in the cas(* of sodium 

^ Cf. Haller: Kolloid-Z., 29 , 95 (1921). 

* C{, Matthews; “Application of Dyestuffs”, 595 (1920). 

* Cf. Biltz and Behre: Ber., 6 38 , 2973 (1905). 

*Cf. Haller and Nowak: Kolloidchem. Beihefte, 13 , 94 (1921). 

* Biltz: Ber., 37 , 1771 (1904); 38 , 2963 (1905). 

* Hath: J. Soc. Dyers and Colourists, 39 , 334 (1923). 

' Cf. Haller; Kolloid-Z., 29 , 95 (1921). 

® Cf. Briggs and Bull: J. Phys. Chem., 26 , 873 (1922). 

® Knecht, Rawson and Loewenthal: “A Manual of Dyeing”, 377 (19m); Whittaker: 
“Dyeing With Coal Tar Dyestuffs,” 63 (1919); Matthews: Application of Dyestuffs,” 275 
(1920). 

*®Cf. Bancroft: J. Phys, Chem., 18 , i, 118 (1914)* 
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sulphate; for the latter is a restrainc^r' with the acid dyes but an assistant 
with the substantive dyes; this difference has been strongly emphasized by 
Matthews/^ I shall therefore take the position that the acid dyes and the 
substantine dyes do behave very differently, and that the general theory 
developed by Pelet-J olivet and by Bancroft for the acid dyes can not be 
applied, at least without a great deal of straining, to the substantive colors. 

While a number of theories have been proposed in explanation of the 
peculiarities of substantive dyes — notably by Weber, Dreaper, Biltz, Bayliss, 
and mon^ recently by Haller and by Auerbach — these theories arc either 
incomplete or unsatisfactory and they seem to have made little impression; 
for Whittakei'® says that ‘^at the present time it is impossible to offer any defi- 
nite opinion on the theory of the dyeing of the direct cotton dyestuffs^', and 
Matthews, with a hopelessly vague group of Fourteen Points^, gets nowhere. 
It is the purpose of this preliminary paper to show that a satisfactory working 
theory of substantive dyes can be proposed and that this theory is a modifica- 
tion or an amplification of the earlier theories of the four investigators named 
first in the preceding sentence. 

Some Properties of Aqueous Solutions of the Substantive Dyes 

The technical substantive dyes, with which various soluble impurities are 
invariably found, pass more or less readily into solution in water, more easily 
when the latter is warm. These solutions are similar in properties to the soap 
solutions, and, like the latter, they are undoubtedly colloidal,® or at least 
contain ultramicroscopically resolvable ^colloidal ions\ As one might expect, 
therefore, the strongly flocculated gel, or the dyestuff in the form of crystals, 
is virtually insoluble in water, as Haller and Nowak have pointed out.® The 
dialyzed solutions, like those of the soaps, are excellent conductors ; they exert 
in a collodion osmometer a surprisingly high apparent osmotic pressure; in 
the absence of a membrane they possess an easily measurable power of diffu- 
sion, though in general they diffuse far less rapidly than the acid and basic 
dyes; and they invariably contain amicrons or ultramicrons when viewed in 
the ultramicroscope. It is possible to bring about an increase in the size of the 
ultramicrons and a corresponding decrease in the degree of dispersion, without 
causing any visible or actual flocculation of the suspended dye — a property of 

1 Cf. Briggs and Bull: J. Phys. Chem., 26 , 845 (1922). 

2 ^^Application of Dyestuffs,'^ 595, 596 (1920). 

* ‘‘Dyeing with Coal Tar Dyestuffs,’^ 64, (1919). 

^ “Application of Dyestuffs,” 600 (1920); Cf. Ganswindt: “Theorie und Praxis dqr 
rnodernen Farherei,” 2, 7, (1903). 

® Krafft: Ber., 32 , 1608 (1899); Raehlmann: Physik Z., 4 , 884 (1903); Teague and 
Buxton: Z. physik. Chem., 60 , 469, 489 (1907); 62 , 287 (1908); Froundlich and Neumann: 
Kolloid-Z., 3 , 80 (1908)* Hober and Chassin: Ibid., 3 , 76 (1908); Sheppard: Proc. Roy. Soc., 
82 (A), 256 (1909); Biltz and von Vcgesack: Z. physik. Chem., 68, 357 (1909); 73 , 481 
(1910); Vignon: Compt. rend., 150 , 923 (1910); Bayliss: Kolloid-Z., 6, 23 (1910); Haller: 
Farberzeit., 25 , 301, 321 (1914); Wo.Ostwald: Kolloidchem., Beihefte, 10, 197 (1919); 
Haller and Nowak: Ibid., 13 , 61 (1921); Haller: Kolloid-Z., 31 , 295 (1922); cf. also Knecht 
and Batey: J. Soc. Chem. Ind., 28 , 697 (1909). 

® Kolloidchem. Beihefte, 13 , 86 (1921). 
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t he substantive dye solutions which is of the utmost siji^nificance in the theory 
of substantive dyeing. Increase* in size of aggn*gates is ol)S(*rved as the con- 
centration of the d^^e is inci'eased, or as the temperature* is lowered ; at low 
temperatures concentrated solutions of the substantive* elye*s set to a je*lly. 
Decreased dispersion is also e*-ause*el by elestabilizing electrolytes, while ele'ctro- 
lytes in exce^ss bring about flocculatiem.^ The* growth of aggregate's is oi)poseel 
by stabilizing protecting colle)iels, such as gedatin.- Practically all of the* very 
cemiplete evidence now available* supiK»rts the conclusion that in lu'utral or 
alkaline dyebaths the substantive dyes are* present as ele*e!tre)ne^gative colleaels 
capable of a very high de*gre*e of etispersiem in thei abse*nce e)f ele'stabilizing 
agents. 

Adsorption of Substantive Dyes from Aqueous Solution 

Weber anel e)thevs^ have shown that the substantive elyes are taken up by 
fibers in the form e)f their unelissociated salts and Webe*r has also remarked 
that cotton takes up these elyes in e*xaetly the* same way that it ele)es tannin in 
the* taimin-me)relantiiig f)re)e*ess. Witt/* thei*e*fore assumeel that the substantive 
dyes form solid solutie)ns in the fiber. He)we»ver, ve)n ( fe'e)rgievics,^ Biltz,*^ and 
Se'haposchnikofF have* obtaine'el typical aelsorj)tion ise)the‘rms for seibstantive 
dyes and cotton, anel though, in view of the* interesting experiments of Reiiulers 
anel Ledy,® this may not be regarele*el as conclusive evielence of adsorption, the 
majority of recent investigators are* agre(*d that sul)stantive dyes are adsorbeel 
by the fiber anel not dissedve'el. As te) the chemical theory, it should be ob- 
served that there is no evide'nce whatsoever that cdiemical ce)mpounels between 
the*se dyes anel fibei* exist.*’ It will be assumeel in what fedlow^s that dyeing 
with substantive* dyes is simply a case of aelsorbing from suspension a colloid 
the degree of dispersiem anel the stability of which are capable e)f consielerable 
variatiem. 

Distribution of a Colloid between an Interface and the 
Distribution Medium 

The adsorption erf a colloid by a solid adsorbemt, which for convenience 
one may consider a fiber to be, can be regarded as a process of distribution of 
the colloid between the surface of the solid anel the bulk of the liquid ineelium. 
It will therefore be profitable to consieler briefly the* general problem presented 

^ Cf . Blitz and von Vegcsack: Z. physik.,Chcm. 73 , 481 (1910); Wo. Ostwald; loo 
cit.; Auorba(*h: Kolloid-Z., 31 , 37 (1922). 

*Cf. Bayliss: Kolloid-Z., 6, 23 (1910): also Biooh(*ni. J., 1, 175 (1906). 

^ J. Soo. Chom. Ind., 13 , 120 (1894); Gnohm and Kaiificr: Z. aiiRow. choni., 15 , 345 
(1902); Boeseken, Tergau and Binnendijk: Chem. Abstrads, 21, 893 (1919). 

^ Cf . Haller and Nowak: Kolloidchem. Beilu'ftc, 13 , 86 (1921). 

®Zeit. Farben-Ind., 2, 253 (1903). 

® Ber., 38 , 2963 (1905); Crf. Biltz and Steiner: Kolloid-Z., 7 , 113 (1919)- 

^ Z. physik. Chem., 78 , 209 (1911). 

« Cf. Beinders: Kolloid-Z., 13, 96 (1913); Kruyt and van dcr Made: Chern. Abstracts, 
12 , 1701 (1918). 

® CT Bancroft: J, Phys, Chem., 18 , i, 118, 385 (1914); 19 , ^45 (1915); also King: 

Brit. Assoc. Report (Colloid Chemistry), I, 20, (1917); 
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by the distribution of a colloid between an interface and the dispersion medium. 
The conclusions drawn from such a consideration of the general problem will 
in turn be made the basis of a theory of dyeing with the colloidal dyes, to 
which class, as we have seen, the substantive dyes belong. 

It has long been recognized that colloids peptized in water, as well as finely 
divided solids suspended in the same medium, tend to pass into the interface 
between two phases, one of which is the aqueous dispersion medium and the 
other is solid, liquid or vapor.* Without entering into the causes of this action 
in each of the three cases, one may look upon the process as an example of 
adsorption by or at surfaces, and this in turn may be considered to be a species 
of competition^ between the two phases — liquid-solid, liquid-liquid, or liquid- 
vapor — for possession of the finely divided or peptized component. In a 
previous paper^ emulsions have been considered from this point of view. 

There is therefore good reason to suppose that, since surface and dispersion 
medium are competing for the suspended material, anything that adds to the 
stability of the suspension will act against adsorption, while an3rthing that 
lessens stability will aid adsorption. That is to say: a finely divided solid or 
colloid in suspension should become decreasingly interfacial^ in the presence of 
a peptizing agent, but increasingly interfacial in the presence of a flocculating 
agent, providing these agents themselves are not strongly interfacial. If an 
added peptizing agent is strongly interfacial, it may carry with it into the in- 
terface the susjDended material and thus cause an increase in the apparent 
adsorption. A possible example of this is the inactivation of hemolytic com- 
plement by shaking with air.*^ The serum contains globulin, which is inter- 
facial under the conditions of the experiment and carries the adsorbed enzyme 
(a colloid) with it. 

While a flocculating agent will tend to force the suspended colloid into 
the interface, it should not be present in amounts large enough to produce 
actual coagulation. If the latter occurs, the agglomerated flocks may be too 
large to be retained in the interface and will therefore not be adsorbed, at 
least strongly. Since flocculating agents in amounts insufficient to produce 
actual coagulation are known® to destabilize sols by decreasing their dispersion, 
such agents will aid in the adsorption of a colloid up to the point of flocculation 
but beyond this point will act in the opposite direction. The amount of 
adsorbed colloid in the interface will therefore pass through a maximum as the 
concentration of the flocculating substance is increased beyond Its coagulating 
value. Such adsorption maxima have been observed,^ and they show, in 

^ Cf. Bancroft’s summary: J. Phys. Chem., 19 , 363, 527 (lois). 

®Of. von Hahn: Kolloid-Z., 19 , 217 (1921). 

> Briggs: J. Ind. Eng. Chem., 13 , 1908 (1921). 

* Cf. Bancroft’s definitimi: J. Phys. Chem., 19 , 307 (1915). 

® Schmidt and Liebers: Chem. Abstracts, 8, 371 (191-1). 

• Note Picton and Linder’s work on the ^^degradation” of arsenious sulphide sols 
by sodium chloride. J. Chem. Soc., (1895). 

’ Pelet-Jolivet and Siegrist; Kolloid-Z., 5 , 235 ( 1909); Endler: Biochem. Z., 42 , 
440 (1912); Auerbach: Kolloid-Z., 19 , 100 (1921); 30 , 166 (1922); cf also Dreaper: 
“Physics and Chemistry of Dyeing,” 261 (1906). 
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reality, that a dispersed colloid is most strongly adsorbed when its dispersion 
has some intermediate value, as Wo. Ostwald^ has suggested. 

Flocculating agents an» not the only cause of decreavsed stability and cor- 
respondingly increased adsorption within limits, for the stability of a sol may 
change with the temperature, with age, and with its previous history. The 
stability and the dispersion decrease with increase in concentration of the sol, 
which may have something to do with the fact, which has puzzled some of us, 
that more is adsorbed from a concentrated sol than from a dilute' on(', and the 
adsorption curve looks like the typical isotherm obtained with a dissolved 
adsorbed substance.- In this connection it is interesting to note that MetcalP 
observed semi-solid films on the surface of peptone solutions only when the 
latter were concentrated. It is possible that in the concentrated sol the pep- 
tone became less stabk' by agglomeration and thus more strongly interfacial 
in accordance with the theory. 

In a previous paper, I have' applk'd the present th(*ory of distribution to 
emulsions of benzene or kerosene in water. Dialyzed hydrosols of ferric oxide 
or arsenious sulphide were found to have little emulsifying action because the 
suspended material was not sufficiently interfacial. On adding a weak floc- 
culating agent such as sodium chloride, however, the sols were destabilized 
and the colloidal material became sufficiently interfacial to form the films 
necessary for an emulsion. It was also shown that the suspended material 
became less interfacial when the destabilization was caiTied far enough to 
produce extreme flocculation.'* 

It is known that red hydrosols of gold are more' bighl\' dispersed and con- 
tain a more effective peptizing agetit than is the case with the blue ones.® 
Consequently gold should be more strongly interfacial with blue sols than with 
red. This is exactly what Heinders'^ foimd was the case when the sols were* 
shaken with organic liquids such as isobutyl alcohol or ether. He also show(?d 
that the addition of a further stabilizing agent, such as gum arabic, to the sol 
prevented the particles of metal from collecting as a film at the dineric inter- 
face. 

The importance of the degree of stability of the sol has b(‘en brought out 
and very generally recognized in many cases where the adsorption of a sus- 
pended colloid by a solid has been studied. Biltz'^ particularly emphasized it 
in his work on dyeing with sols of colored inorganic substances. He pointed 


‘ ^‘Grundriss der Kolloidchemie,’* 417 (1910). Cf. Traulx* and Shikata: Kolloid-Z., 
32 , 316 (1923)* 

*Cf. Briggs: J. Phys. Chem., 19 , 210 (1915). 

*Z. physik. Chem., 52 , i (1905); cf. Bancroft: J. Phys. Chem., 19 , 527 (1915^- 

* J. Ind. Eng. Chem,, 13 , 1008 (1921), 

‘ 1 once tried an exix^riment on the flotation of arsenious sulphide, in the form of its 
sol, in a small Janney oil-froth flotation machine. No sulphide was floated until the sol was 
destabilized by the addition of a little sodium chloride, whereupon the sulphide became 
interfacial and was carried into the froth. 

® Zsigmondy: **KoUoidchemie,’’ 99, (1912). 

^ Kolloid-Z., 13 , 235 (1913). 

* Ber,, 37 , 1766 (1904). 
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out that weak flocculating agents favored dyeing, while peptizing agents such 
as soap or gelatine had an opposite effect. His experiments with gold sols are 
in line with those of Reinders just discussed, for the stable red sols did not dye 
silk while the less stable bluish ones did so. Abderhalden and Fodor^ showed 
that salts which dehydrate proteins (and hence tend to flocculate their sols) 
favor the adsorption of proteins by animal charcoal, while on the other hand 
Biltz^ has found that salts having a peptizing action on albumin cause less of 
the latter to be adsorbed by hydrous ferric oxide. Palme® reported that 
destabilizing salts favored the adsorption of ferric oxide from its sol by casein 
and Sanin^, when mordanting with tannin, found more of the latter on the 
fiber when sodium chloride was present in the tannin solution. 

Substantive Dyeing 

I assumed on a previous page that dyeing with the substantive dyes is 
simply a case of adsorbing from suspension a colloid, the degree of dispersion 
and the stability of which are capable of considerable variation. Dyeing with 
these colors becomes, therefore, a very important special instance of the general 
process of colloid distribution, of which the theory has just been outlined. This 
theory may now be re-stated in terms of the substantive or colloidal dyes as 
follows : 

A weak flocculating agent ad<led to the dyebath will produce an increase 
in the amount of dye taken up by the fiber, providing the dye is not actually 
thrown out of suspension during the process of dyeing. In the latter case, a 
flocculating agent active enough to produce actual coagulation will cause the 
fiber to take up less dye. In consequence of these opposed effects, the amount 
of dye taken up by the fiber will increase to a maximum and will thereafter 
diminish, as the concentration of the flocculating agent is made greater. It 
should be observed that the theory has nothing necessarily to do with the 
question of fastness to light or to washing. Fastness to washing is probably 
determined largely by subsequent changes which the dye may undergo after 
it is taken up by the fiber. 

A fHiptizing agent added to the dyebath will cause a decrease in the amount 
of dye taken up by the fiber, unless the peptizing agent is a second colloid 
which is itself strongly adsorbed by the fiber. In the latter case since by defi- 
nition the peptizing colloid adsorbs the dye, it may carry dye with itself on to 
the fiber, and the latter may take up more dye than it otherwise would. It is 
possible, though not proved as yet, that this sometimes happens when soap 
or impure gelatin are used in the dyebath. A second colloid adsorbed by the 
fiber would act, in other words, as a mordant. 

The question of the electric charge on the fiber and on the particles of dye 
in suspension has been omitted in this discussion. This question has been con- 

^ Kolloid-Z., 27, 49 (1920); Fodor: Kolloidchcm. Beihefte, 18, 122 (1923). 

* Z. Elektrochein., 10, 937 (1904). 

3 Z. physiol. Chem., 92, 177 (1914). 

*Z Farben-Ind. 9, 49 (1910). 
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siderod by Harrison^ who believes that dye particles or ion^^ may be held on the 
fiber by electrical attraction when dye and fiber carry opposite charges, but 
he admits that other causes of attraction must be sought for when dye and 
fiboi* carry like charges, as in the case of the substantive dyes on cotton. I 
have always taken the view*-^ t hat the electric charge of a surface is the result of , 
and not necessarily the cause of, adsorption, so in my ()))inion the charge on 
fiber and dye is of no prime influence on the process of dyeing with the sub- 
stantive dyes. that as it may, we know that cotton and C^oiigo Red are 
both charged riegativcdy in wt^akly alkaliiK' dyebaths and yet tbe cotton is 
strongly colored \inder th(*se conditions. 

Applying the jmnciple'* of t he neutralization of adsorbed ions, Bancroft has 
worked out a modification of the Pelet-Jolivet theory of dyeing and has dis- 
cussed its b(\aring on acid and basic dyes, which, except, under unusual condi- 
tions of the dyebath are dissolved in the latter in the form of their simple ions. 
Bancrofts did not consider the substantive dyes, except to suggest that his 
theory was not based on any hard and fast assumption as to the state of the 
dyes in solution, but should be equally applicable to the colloidal dyes and to 
the dyes in true solution. Were this quantitatively the case, sodium sulphate 
should be a restrainer for substantive* dyes, which are chemically similar to 
acid dyes, wh('j*(*as it is a(‘tually a strong assistant. As a matter of fact, 
sodium sulpliate* is an assistant for the* substantive dyes because it is a weak 
flocculating agent and destabilizer, making the dye mon* interfacial, and thus 
helping to force* it on the fiber. This action of sodium sulphate is far more 
imi)ortant than is the restraining effect of the sulphate ion adsorbed by the 
fiber. It seems probable that a complete theory of substantive dyeing requires 
that the present theoiy of distribution and stability should be siq^erimposed 
on the simpler one applied V)y Bancroft to the acid and basic dyes. This will 
certainly have to b(* done* for the acid and basic dyes themselves, for the special 
case when* the dyebath contains a great deal of added electrolyte, because 
under such circumstan(*(*s these dyes begin to behave like the substantive 
dyes and appe*ar to becoiiu* distinctly colloidal.^ 

In terms of the j)resent theory, an acid, base, or salt which acts as an as- 
sistant in the substantive dyebath does so because it makes the particles of 
dye more strongly interfacial bc'tween bath and fiber. This in turn it accom- 
plishes by decreasing th(* disp(*rsion and stability of the dye in the suspension 
or sol which constitutes the bath. We have seen that electrolytes are known 
to produce this effect in the case of various organic and inorganic colloids in 
suspension, and we should expect the same effect with colloidal dyes. Many 
instances are indeed known, especially among the experiments of Dreaper and 


^ Jour. So(*. Dyers and Colourists, 34 , 96 (1918); Chem. Abstracts, 13 , 265 (19*9). 
* Briggs: J. Phys. Cht»m., 21, 198 (1917). 

^ Bancroft: J. Phys. Chein. 19 , 363 (1915). 

^ J. Phys. Chem., 18 , 150 (1914). 

^Cf. Pelet-Jolivet and Sic^grist: Kolloid-Z., 5 , 235 (1909^; IVlct-Jolivet and Wild: 
Ibid., 3 , 174 (1908), Haller: Ibid., 29 , 95 (1921). 



376 


T. R. BRIGGS 


his coworkers.* Bayliss^ found that the addition of two percent of sodium 
chloride to a weak suspension of Congo Red trebled the adsorption of this dye 
by filter paper. Concerning the effect of this salt, he wrote as follows: ^‘Not- 
withstanding the fact that no actual precipitation takes place in these experi- 
ments, the addition of electrolytes to Congo Red, for example, causes an in- 
crease in the size of the colloidal particles, .... so that the solution is on its 
way to precipitation even when this does not actually occur. The specimen 
of Congo Red used in all my experiments showed the Tyndall phenomenon 
very faintly in solution in distilled water; but when sodium chloride was added 
the beam of light became much more distinct.'^ Bayliss® later on brought out 
the same thing in another way, by determining the apparent osmotic pressure 
of a solution of Congo Red. He found that the addition of a certain amount 
of sodium chloride to the carefully purified solution of the dye caused its 
osmotic pressure to fall from 207 mm to 15 mm in 24 hours, an effect which 
he ascribed to a decrease in the number, and an increase in the size of the 
ultramicrons. The agglomerating and destabilizing action of weak flocculating 
agents in solutions of the substantive dyes may be regarded as absolutely 
established at the present time. 

Weber^ was among the first to discuss the action of salt assistants in the 
substantive dyebath. He accounted for this action by assuming that salts 
decreased the solubility of the dyestuff in the bath. It is worthy of note that 
Weber pointed out, that of two direct cotton dyes, the one with the lower 
coefficient of diffusion possessed the greater affinity for the fiber. Since it is 
now known from the work of Svedberg® that the rate of diffusion of a suspend- 
ed colloid is an inverse function of the size of the particles, Weber's statement 
is another way of saying that the affinity between dye and fiber becomes 
greater the smaller the dispersion and the less the stability of the dye in sus- 
pension. Weber, however, had rejected a suggestion made by Schultz that the 
dyes were not actually dissolved in the bath but were in suspension, so he was 
forced to assmne that salt assistants caused a decrease in the solubility of the 
dye. The same explanation for the action of salts has been used by Dreaper 
in his ‘‘desolution" theory, and by Bayliss in his early work on the adsorption 
of (^ongo Red by filter paper, though we have seen that Bayliss probably used 
the word “solubility" to refer to the degree of dispersion of the dye. Since it 
has been pointed out previously that Haller and Nowak have shown the sub- 
stantive dyes to be insoluble in water when crystalline, it is certain that 
Weber's “decrease in solubility" is equivalent to the decrease in dispersion and 
stability (destabilization) which we know the dyes undergo when flocculating 
salts are added to their suspensions. 

♦ Dreaper: “Chemistry and Physics of Dyeing, “ 251, et seq. {1906). 

< Biochem. J., 1, 175 (1906). 

*Kolloid-Z., 6, 23 (1910); cf. Biltz and von Vegesack: Z. physik. Chem., 73 , 481 

(19*0). 

♦ J. Soc. Chem. Ind., 13 , 120 (1894). 

♦ Z. physik. Chem. 67 , 105 (1909). 
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The present theory suggests the possibility of a decrease in the amount of 
substantive dye adsorbed by the fiber when salts are added in quantities suf- 
ficient to cause actual flocculation, with precipitation of the dye from the bath. 
In other words the dye taken up by the fiber should pass through a decided 
maximum as the concentration of the salt is increased, and the position of that 
mavimum, in respect to the concentration of the salt will be determined by the 
molar coagulating power* of the salt. Such maxima will be found in the experi- 
ments soon to be described^'; other instances have been reported by Haller 
and Nowak and especially by Auerbach.^ Haller and Nowak infer that such a 
maximum exists and they account for it essentially in the terms of the present 
theory when they say:^ ‘^If the dispersion [of the substantive dyestuff] is too 
small, precipitation of the dyestuff in the bath takes place, but if it is too large, 
the dyestuff passes by the surface of the fiber, without being retained by the 
latter in apprcciabk* amounts’^ Auerbach, however, accounts for the maximum 
in dyeing obtained with salts in increasing concentrations bj^ postulating that 
the salt exerts simultaneously two opposite effects, (i) causing a decrease in 
the amount of dye adsorbed by the fiber by flocculating, at all concentrations, 
the dyestuff in suspension, and (2) producing an increase in the amount of dye 
adsorbed by coagulating the dye on the fiber. 

Rath® has very recently applied what amounts to the present theory to the 
case of Naphthol AS, which is used in producing developed dyes on cotton. 
The naphthols of this series are colloidal and th(?y ar(' apparently adsorbed, 
like th(' substantive dyes theinscdvet , when cotton is brought in contact with 
their aqueous solutions. Rath points out that the more dispersed the naph- 
thols, the less is their wsubstantivity. He continues as follows: 

*^The alkaline solutions of the naphthols of the AS series show at different 
temp(U‘atures the typical behaviour of colloidal solutions; the higher the tem- 
peratuH', the more highly dispersed is th(' solution and the less is their sub- 
stantivity. Weaker dyeings are always obtained when impregnating at higher 
than at lower temperatures, this being especially pronounced with Naphthol 
AS-SW. Addition of electrolytes (i.e. common salt or Glauber^s salt), by 
lowering the degn»e of dispersion, causes the dyestuff to go on to the fiber to a 
larger extent. Thest' additions are, however, dangerous in the case of the 
naphthols, which do not dissolve easily, such as Naphthol AS-BO or Naphthol 
AS-SW, because the solution may turn cloudy and soon precipitate. For each 
of the naphthols there exists a certain optimum in the extent to which it goes 
on to the fiber. This may be ascertained by impregnating at various tempera- 
tures with different additions of clectrol>d.es. If the degree of dispersion of the 
solution becomes too small owing to too low a tempei ature when impregnating 
the cotton, or thiough too great an addition of electrolytes, then the affinity 

‘Wo. Ostwald: Kolloidchem. Beihefte, 10, 213 (1919). 

* These experiments were ^rfornif d in part by Dr. vS. Kukiuchi in this laboratory 
as long ago as 1917. Publication has been delayed for various reasons. 

® Kolloid-Z., 29 , 190 (1921); 30 , 166 (1922); 31 , 37 (1922). 

♦ Kolloidchem. Beihefte, 13 , 89 (1921). 

^ J. So(?. Dyers and Colourists, 39 , 334 (1923). 
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is decreased. The particles, which have thereby become too large, are not able 
to penetrate through the outside of the fiber. The naphthol in this case is 
deposited more or less on the outside of the fiber and the fastness to rubbing 
of the dyeing is poor.” 

The present theory requires that a peptizing second colloid in the dyebath 
should bring about a decrease in the amount of dye taken up by the fiber, 
providing the second colloid does not act as a mordant. Instances of just this 
effect have been recorded. Bayliss, in the experiments mentioned previously, 
found less C'ongo Red adsorbed by filter paper from a bath containing both 
sodium chloride and gelatin^ than he did when the bath contained the salt 
alone. Lichtenstein^ has reported that ^‘solution salt” (sodium benzylsul- 
phanilate), as well as sodium protalbiftate and lysalbinate, causes a decrease 
in the amount of Indigo adsorbed by cotton; these substances are without 
doubt peptizing agents toward the colloidal leuco compound in the vat dye- 
bath. Starch has been reported to have a similar effect.-^ On the other hand 
the addition of tannin to the substantive dyebath, while it might have a 
stabilizing effect on the dye in suspension, would probably cause more dye 
to be taken up by cotton, since it is known to be a mordant for the latter 
material; but so far as I am aware, the experiment has not been tried. 

Attention should be called to the fact, in passing, that the theory under 
discussion obviously is not limited to the relation of colloidal dyes to the ordi- 
nary fibers, but can be applied to any case where these dyes are adsorbed, 
regardless of the adsorbing surface. Thus the general relation found to hold 
in the case of dye and fiber has been observed to apply to the dye suspensions 
and oils,^ and also many inorganic solids.^ 

Experimental Part 

The experiments which follow were carried out in this laboratory at various 
times by Messrs. S. Kakiuchi, M. P. Woodward, D. D. Oandell, F. S. William- 
son, and others. Except in the case of Dr. S. Kakiuchi, the work was perform- 
ed as part of the usual requirement in the course in undergraduate research. 
The various dyes were made available through the courtesy of the Schoellkopf 
Aniline and (^.hemical Works, now part of the National Aniline and Chemical 
Company, Inc. These dyes included such substantive colors as the following: 
Buffalo Direct Red, Erie Red 4 B, Erie Direct Black 0X00, Erie Direct 
Green MT, Erie Orange 2 R, Niagara Violet 3 R, Buffalo Direct Blue G, and 
Buffalo Direct Yellow (XI. The dyes were prepared for use in the experiments 
by being dissolved in distilled water and the solutions thus obtained were 
submitted to long continued dialysis until the outer water gave no appreciable 

^ Cf. also Weyl: Kolloid-Z., 32 , 311 (1923). 

*Farbcr-Z., 23 , 205; Cf. Chem. Abstracts, 7 , 2120 (1913). 

®Tagliani and Krostewitz: Farl)er-Z., 24 , 143; Chem. Al>fltracts, 7 , 2310 (1913). 

* Cf. Sisley: Bull. (4) 21, 155 (1917). 

® Cf. Hiibner: J. Chem. Soc*., 91 , 1068 (1907); Vignon: Compt. rend., 150 , 472; 151 , 
72 (1910); Bouchonnet: Grig. Comm. 8th Intemat. Cong. Appl. Chem., 2, 53 (1912); Marc: 
Z. phy.sik. Chem., 81 , 641 (191.3); Feigl: J. Soc. Chem. Ina., 38 , 569A (1919). 
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test for chlorides or sulphates. Buffalo Direct Red and Erie Red 4B were the 
only dyes employed to any large extent in the experiments, though it is planned 
to include a study of some at least of the other dyes in a subsequent repoi-t 

Action of Destabilizing Electrolytes 

Method I. The action of di^stabilizing salts was first studied with Buffalo 
Direct Red. The latter formed a turbid suspension in cold distilled water, 
but gave a clear red solut ion in hot water, which became turbid again when 
allow€‘d to stand for a long time in the cold. The solution was submitted to 
dialysis, as noted above, and was adjusted to a concentration of approximately 
o.i percent. On the addition of hydrochloric acid the color of the solution 
changed to bhu^, and after a tinn* a blue precipitate made its appearance. The 
solution was \inaff('Cted by tin* addition of sodium hydroxide in moderate 
amounts, but became turbid and ultimately was flocculated when such salts 
as sodium chloride', sodium sulphate, or sodium citrate wore added in increasing 
quantities. 

Inch-square pi('ces of imsi/c'd and uninordantecl cotton or wool cloth were 
immersed in the boiling solution of the dye for a period of ten minutes, the 
volume of the dye'bath bc'ing maintaiiu'd more or l(‘ss (constant by adding boil- 
ing w^ater from time to time. A single piec(‘ of cloth was use'd in each dyebath, 
the volume* of wdiich was 40 cc. At the* e*e)nedusie)n of the* dyeing operatiem t he 
pieces were washed in a very little distilleel water and the*n were dried. The 
dyeing was done first in a bat h containing e)nly the pure* dye and then in baths 
containing known amounts erf the* different salts. 

It was assumed in this expe*rinie*nt that the ame)unt of dye aelsen’bed by the 
cloth coulel be ascertained, at least epialitatively, from the depth erf color of the 
dyed pieces. Accordingly the* latter w^ere compart*el with an arbitrary scale, 
which was prepareel by dyeing inch-square pieces e)f cotton in the manner 
elescribeel above in baths containing kne>wn amounts of pure dye. Number 10 
in this se*.ale was e)btained by dyeing the piece of cotton in a o. t percent solu- 
tion of the elye ; each whole number in t in* scale repi*eseiits the color taken up 
in a dyebath the concentration of which wtis about half of that of the whole 
number next higher in the scale. Thus the higher the scale number, the deep- 
(*r was the shade of red on tin* cotton. In this mann(*r the data of Table I were 
obtained. 

Table I 

Influence of Certain Salts on dyeing with Buffalo Direct Red 
Mols Salt per Depth of C-oIor (Arbitrary Scale) 


Liter 

Sodium Chloride 

Sodium Sulphate* 

Sodium Cilr 

0 

10 

10 

10 

1/32 

10-5 

12 

T2 

1/16 

II 

135 

14 

1/8 

12 

14 

15 

1/4 

13 

15 

14.5 

1/2 

13-5 

IS 

13 

i/l 

12 

14 

— 

2/1 

9 

9 

— 
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In the case of each of the salts their addition to the dyebath promotes at 
first the taking up of dye by cotton, but as their concentration becomes fairly 
large the opposite effect is observed. The amount of dye adsorbed passes 
through a maximum, exactly as it should do in view of the theory outlined in 
the first part of this communication, providing these salts act as destabilizing 
agents toward the dye suspension. There is no doubt whatsoever that de* 
stabilization does occur because in the baths containing salt in twice molar 
concentration visible flocculation was observed even in the boiling solution 
and there was evident a distinct turbidity in the baths at the point of maximum 
dyeing. It is also interesting to note that the point of maximum dyeing occurs 
at approximately the same equivalent concentration with each of the three 
salts, indicating that their equivalent flocculating power under the conditions 
of the experiment has about the same value for each. 

Similar results were obtained with Erie Red 4B and sodium chloride, sul- 
phate and phosphate; also with sodium chloride and Erie Direct (Ireen M T, 
Niagara Violet 3R, and Buffalo Direct Blue G. In every instance a decided 
point of maximum dyeing occurred when the concentration of the added salt 
was 1/2 or 1/4 Normal. 

Method 2. 

Since the intensity and depth of color of a dyed piece of cotton may not 
be a trustworthy measure of the amount of dye adsorbed, the correctness of 
the results of the previous experiment was checked in a different way. A cer- 
tain volume of dye solution was heated to l)oiling and inch-square pieces of 
cotton were added until the dyebath was practically decolorized. When the 
dyebath contained no salt 12 pieces were needed to remove the color. When 
the bath contained sodium chloride, sodium sulphate, or sodium citrate (1/4 
mol per liter), 3,2, and 2 pieces were required respectively. In a similar ex- 
periment with Erie Red 17 pieces of cotton were needed to exhaust the dye- 
bath in the absence of sodium chloride, while only 7 were necessary when the 
bath contained sodium chloride of a concentration equal to that of the point 
of maximum dyeing. A more complete experiment was then carried out with 
a 0.025 percent solution of Erie Red, the results of which are given in the next 
table. 

Table II 

Cotton required to decolorize Dyebath (50CC) 

Sodium Chloride Cotton required 

Mols |)er Liter Square Inches 

None 76 

1/4 2S 

2/1 74 

The numbers of Table II confirm the results obtained by Method i, since 
the number of inch square pieces of cotton required to decolorize or exhaust 
the dyebath passes through a minimum as the concentration of salt in the bath 
is made larger. 
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Method 3. 

The effect of sodium chloride on dyeinp; cotton with Erie Red was next 
determined quantitatively by ascertaining the amount of dye actually ad- 
sorbed from dyebaths containing different quantities of the salt. This was 
done by determining the dye content of the bath before and after dyeing, by 
the use of a titanous chloride solution previously standardizcHl against solu- 
tions containing a known amount of dj’^e, essentially as described by Briggs 
and BulP. The results, which appear in Table III, fully confirm those' obtained 
by the simpler but less exact methods of the previous experiments. As before, 
maximum dyeing occurs when the sodium chloride content of the bath is 1/4 
mol per liter. 

Table III 

Adsorption of Erie Red 4B by Cotton in the Presence of Sodium Chloride 
(Each dyebath originally contained 75 milligrams dye in 250 cc: cotton one gram) 
Sodium Chlorid<‘ Dye adsorbed per (Irain 


Mols per Liter 

Milligrams 

None 

24.5 

1/8 

32.5 

1/4 

36.5 

1/2 

33 0 

i/i 

29.1 

2/1 

28.0 


The three experiments that have been described bring out clearly the fact 
that below a more or less well defined concentration sodium chloride causes the 
substantive dyes to become increasingly interfacial and to be adsorbed in 
larger amount by cotton under the conditions of dyeing employed. It was 
thought worth while to try a similar experiment, replacing the cotton with a 
liquid practically immiscible with water and incapable of dissolving the dye. 
Benzene was found to meet these requirements. Equal parts of benzeme and 
o. I percent solutions of Erie Red containing known amounts of sodium chloride 
were shaken in glaSs-stoppered bottles, and the emulsion of benzene in water 
formed in each case was allowed to stand undisturbed until the drops of emul- 
sified benzene had risen to the top and had formed a compact layer above the 
excess of the aqueous dispersion medium. The color of the upper emulsion 
layer and of the lower aqueous layer was then recorded. The observations 
appear in Table IV. 

Distribution of Erie Red 4B between Water and Benzene 


Sodium Chloride 

Color of upper Layer 
Emulsified Benzene 

Color of Lower Layer 

Mols per Liter 

Aqueous Solution 

None 

Light red 

Deep red 

1/16 

Light red 

Red 

1/8 

Red 

Light Red 

1/4 

Deep red 

Very light red 

1/2 

Very deep red 

Almost colorless 


* J. Phys. Chem., 26 , 845 (1922b 
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These observations bring out clearly the action of sodium chloride in 
favoring the concentration of dyv at the benzene-water interface. It is also 
interesting to note that the dye is an excellent emulsifying agent, as indeed it 
should be, since it (exists in the aqueous phase in the form of a colloid in sus- 
pension, and it is not only strongly interfacial even in the absence of destab- 
ilizing salt but it is evidf‘ntly capable of forming a suitably elastic film around 
the globules of benzene. When no salt was present with the dye relatively 
little of the latter was carried into the interface and hence little appeared in 
the emulsion layer and the color of this layer was relatively light. When much 
salt was added to th(i aqueous phase containing the dye, the suspension of the 
latter was destabilized to such an extent as to cause the dye to pass wholly 
into the emulsion layc'i, the aqueous layer being rendered colorless and free 
from dye in any form. In this experiment no point was observed where the 
dye in the emulsion layer passed beyond a maximum, such as was noted with 
cotton, because' even coarse, flocculent masses of dye, formed in the presence 
of large amounts of salt, were able to remain, more or less trapped, in the upper 
layer of (emulsion. It is evident from the results of this experiment that the 
action of salts in the dyebath is not dependent upon the presence, in the bath, 
of cotton or any solid adsorbent, since essentially th(' same action takes place 
when the adsorbent is a liquid, such as benzene. 

In order that direct evidence might be obtained to support the contention 
that salts such as sodium chloride cause a decrease in the degree of dispersion 
of the dye and a corresponding decrease in stability of the suspension of the 
dye, the following experiment was carried out. To equal volumes of o.i per- 
cent solution of Erie Red contained in tubes, known amounts of sodium 
chloride were addeil and the mixtures heated to boiling. The appearance of 
each solution was then recorded. The tubes were set aside to cool and the 
appearance of the solution in each was noted after 1 5 minutes and then after 
12 hours. When 36 hours had elapsed a fine platinum wire was immersed in 
the solutions which contained little salt and the depth at which the wire just 
remained visible was ascertained. The results are assembled in Table V. 


Table V 

Effect of Sodium Chloride on Solutions of Erie Red 4B 


Sodium Chloride 
Mols per Liter 

None 

1/16 

1/8 

1/4 

1/2 

i/i 


Appearance of the Dye Solution Depth at which Wire 
On Boiling After 15 min. After 12 hrs. remained visible 


Clear 

Clear 

Clear 

Clear 

Faintly turbid 
Turbid 


Clear Clear 

Clear Clear 

F'aintly turbid Turbid 

Turbid Very turbid 
Flocculated Flocculated 

Flocculated Flocculated 


5 .8 cm 

2 .8 cm 


It is certain from these results that sodium chloride does actually cause 
a decrease in dispersion and in stability. Even when the concentration of salt 
was only 1/16 molar a faint turbidity was noticeable after 36 hours, for the 
wire became invisible when immersed to a depth of only 2.8 cm as compared 
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with 5.8 cm with th(' pure dye. These lesults were then checked by measuring 
roughly the power of diffusion of the dy(* with and without sodium chloride. 

A number of test tubes were fitted with one-hol(‘ rubber stoppers carrying 
short diffusion tulx's open at the 1ow(t end and sealed at th(' upper end. These 
tubes were 10cm long and about 2mm in internal diamotf^r; each was filled 
with distilled water or salt solution, as the case might be. Dye solutions (o.i 
percent) were prepared containing known amounts of sodium chlorides and 
portions of tlu^se were placed in the test tubes, into which wer e fitted the 
diffusion tubes in such wise as to bring th(‘ lower open vm\ of th(^ latter 3 rnm 
below the surface' of the dye solution. The test tubes were then placed up- 
right in a rack in a constant temperature T‘oom and were left undivsturbed for a 
period of five weeks, when the height to which the dye had risen in each diffu- 
sion tube was not(‘d. Th(' data follow. 

Table VI 

Effect of Sodium Dhloi’ide on the Diffusion of Some Substantive Dyes 
Sodium (’liloridc Kisc* of J 3 \c in (Vntimolera 


Mols per LiU r 

Eric hod 4B Niagara \'iolot 3U 

Eric Black GX GO 

None 

4.0 3.0 

50 

i/ioo 

3-7 27 

4.5 

i/So 

3-5 2.5 

4.0 

i/io 

2.5 2.0 

30 

i/s 

1.5 1.0 

2 .0 

1/2 

0 . 0 ppt 0 . 0 ppt 

0 . 0 ppt 

i/i 

0 0 ppt 0 . 0 ppt 

0 . 0 ppt 


It has been pointed out that the diffusive power of a colloidal dye, although 
small, is nn^asurabh* and is a dii*ect function of the degree of dispersion of the 
dye in susptnision. These data on diffusion, thei’C'foro furnish additional proof 
of the degrading and destablizing influence of sodium chloride on susfrensions 
of typical substantive dyes. 

Salts the cations of which are polyvalent, as for example barium chloride 
or aluminum chloride, art' extremely active in flocculating dyes such as Erie 
Red and the others under investigation. Aluminum chloride is more active 
than barium chloride, which in turn is far more active than sodium chloi’ide. 
In view of the present theory, one would expect to find the first two salts acting 
as dyeing assistants at very much smaller concentrations than are required 
with sodium chloride. The point of maximum dyeing should also occur at a 
lower concentration. This is precisely what happens, though the increase in 
amount of dye adsorbed at the point of maximum dyeing is by no means so 
pronounced as it is in the case of the sodium salts. ^ 

By the use of the procedure denoted as Method i, a slight but distinct 
point of maximum dyeing occurred with Erie Red when the dyebath contained 
1/8000 mol per liter of barium chloride, or about 1/30,000 mol per liter of 
aluminum chloride. At greater concentrations, these salts caused the dye 


^Cf. Auerbach: Kolloid-Z., 30 , 166 (1922). 
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suspension to become flocculated, and the amount of color taken up by the 
cotton rapidly became smaller. A second experiment based on Method 2 was 
also tried. Twelve inch-square pieces of cotton cloth were found necessary to 
decolorize completely 50 cc of 0.05 percent Buffalo Direct Red solution in the 
absence of salt, the dyeing being carried out at boiling temperature for 30 
minutes. It was then ascertained how much of the different salts was neces- 
sary in order that the dyebath might be exhausted under otherwise identical 
conditions by means of six pieces of cotton instead of the twelve required in the 
blank experiment. 0.12 mol per liter was required with sodium chloride, 
0.001 mol with barium chloride, and only a trace — about 0.00025 J^ol with 
aluminum chloride. 

Experiments were next carried out with dyebaths of Erie Red containing 
sodium hydroxide in different amounts. The addition of base was found to 
produce about the same effect as was caused by sodium chloride, that is, the 
base acted as an assistant. A point of maximum dyeing was observed when 
the concentration of base was about 1/4 molar. Beyond this point less color 
was taken up by the cotton and the dye suspension was visibly flocculated. 
The same results were obtained with Erie Direct Black. It was also shown, 
by means of diffusion experiments like those previously described, that addi- 
tion of sodium hydroxide to the dye cut down the speed of diffusion. 

Action of Stabilizing Colloids 

It has thus been shown conclusively that destabilizing electrolytes act 
as assistants toward the colloidal dyes, providing the destabilizing action is 
not too great. It has been pointed out in the discussion of the theory that a 
stabilizing agent should have the opposite action in the dyebath and should 
serve as a rostraincr, that is, if it is not itself strongly adsorbed by the fiber. 
If the last should occur, the fiber would virtually be mordanted and might 
easily take up a larger quantity of dye. 

In testing this deduction, one would naturally turn to some protecting 
colloid to play the part of stabilizing agent in the dye suspension. Gelatin 
was thus chosen, but since this substance is known ordinarily to contain small 
amounts of calcium salts which would have a very powerful assisting action in 
the dyebath, it was purified carefully by the method recommended by Loeb.^ 
Solutions of Erie Red, Buffalo Direct Blue, Erie Direct Green, Niagara Violet, 
and Erie Direct Black were prepared and cotton was dyed in each of these by 
proceeding in accordance with Method i. It was found that when the baths 
contained 0.5 percent of gelatin, the cotton was colored a decidedly lighter 
shade as compared with the dyeings obtained in the baths with no gelatin. 
Dialyzed egg albumin had the same effect qualitatively as gelatin, though in 
this case dyeing was carried out at room temperature. 

It was also found that the restraining action of gelatin became more pro- 
nounced as its concentration in the dyebath was increased. While cotton was 
dyed a dark, somewhat uneven blue in a gelatin-free solution of Buffalo Direct 

1 ^^Proteins and the Theory of Colloidal Behavior,’^ 35 (1922). 
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Blue, the color of the dyed pieces became progressively much lighter as the 
gelatin content was carried up to 1 2 grams per liter. 

When both gelatin and sodium chloride were present in the dyebath, the 
assisting action of the salt was more or less neutralized by the restraining 
effect of the gelatin, as was expected. In terms of the present theory, the 
position of the point of maximum dyeing got with sodium chloride should be 
shifted by the addition of gelatin. Since more salt will be required, when 
gelatin is present, in order that the dye suspension may actually be flocculated, 
the point of maximum dyeing will occur at higher concentrations of salt 
when the stabilizing colloid is added to the bath. This conclusion was sub- 
mitted to test. Erie Red was used, first with no gelatin, and then with one 
percent of the latter material. The colors of the dyed pieces were compared 
in terms of the arbitary scale previously used. 

Table VII 

Combined Effect of Sodium Chloride and Gelatin on dyeing with Erie Red 4B 


Sodium Chloride 

Depth of Color (Arbitrary Scale) 

Mols i^er Liter 

No Gelatin 

1 percent Gelatin 

None 

12 

10 

1/32 

12.5 

10 . 5 

1/16 

13 

10. 5 

1/8 

14 

II 

1/4 

15 

12 

1/2 

14 

13 

i/i 

12.5 

13 

2/1 

0 

II 

4/1 

7 

7 


The numbers of Table VII show that the expectation of the previous par^ 
graph was realized by experiment. In the absence of gelatin, the point of 
maximum dyeing occurred in the bath containing i /4 mol sodium chloride per 
liter. When gelatin was added, the point was shifted and occurred somewhere 
between the half molar and the one molar solutions. Besides this, the gelatin 
had the effect of causing less color to be adsorbed at the maximum, but more 
color for some distance beyond this point. 

The action of gelatin as restrainer was also brought out very strikingly by 
experiments in which the procedure of Method 2 was used. Erie Red (0.05 
percent) was again employed and the least number of inch-square pieces of 
cotton needed to exhaust the dyebath was determined. The results follo^^ 

Table VIII 

Influence of Gelatin on dyeing with Erie Red 4B 


C'iomposition of Dyebath Pieces fo Decolorize Dyebath 

1 2 5cc Dye plus 25 cc Water 17 

2 Same plus 25 cc 2.5 percent Gelatin 40 

3 Same plus 25 cc M/2 Sodium Chloride 7 


4 Same plus 25 cc M/2 Sodium Chloride containing 2.5 percent Gelatin 20 
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It was thought that sodium oleate might have the same effect as gelatin, 
but this was found not to be the case. Addition of sodium oleate up to one per- 
cent in dyebaths containing o.i j>ercent of Erie Red caused a progressive 
increase in the amount of color shown by dyed cotton, though the actual 
ainouni, of this increase was not very large. The color was brighter and more 
evenly distributed. It seems probable that something in the soap solution is 
adsorbed by the filMU- and acts as a mordant for the dye, but this is only a guess 
at present. 

Conclusions and Summary 

The experiments reported in the preceding pages, while admittedly of a 
somewhat preliminary nature, appear to be in complete agreement with the 
general theory of substantive dyes as stated in detail in the introduction to 
this paper. It is gratifying to note that the results, derived independently 
and in some cases as early as the summer of 1Q17, confirm and amplify those 
of Auerbach previously mentioned. An effort has been made in this paper, 
however, to show that the phenomena met with in dyeing with predominantly^ 
colloidal dyes may be explained with the aid of what is known about the dis- 
tribution of colloids in suspension Ix^tween an interface and tho suspending 
medium. 

The results of this paper may be summarized as follows: 

1. The evidence collected by previous investigators shows conclusively 
that the process of dyeing with substantive or colloidal dyes is simply a case 
of adsorbing a colloid from its suspension, in which the dispersion and stabil- 
ity are capable of being greatly varied. 

2. The adsorption of a colloid from suspension has been considered as a 
process of distribution between an interface and the suspending medium. 
Factors which affect this process have been considered. 

3. From a consideration of the general process of colloid distribution, a 
special theory of substantive dyeing has been formulated and tested by experi- 
ment. 

4. A substance which destabilizes the suspension of the dja^ will act as an 
assistant in the dyebath up to the point of actual flocculation. 

5. A substance which stabilizes the suspension of the dye will act as a re- 
strainer, providing it does not act as a mordant toward fiber and dye. 

6 . A stabilizing substance and a destabilizing substance may each exert 
their specific effects in the same dyebath. 

7. Transition dyes undoubtedly exist which combine with their properties 
of acid or basic dyes the characteristics of substantive dyes. 

8 . The experiments are being continued. 

Cornell University. 

* A sul>stantive dye of the sodium salt type which is wholly colloidal in water will 
behave in accordance with the theory outlined in this paper. If, however, the dye is a 
semiH^olloid (partly in true solution) it will behave partly as an acid dye and partly as a 
colloidal dye, one or the other liehavior possibly predominating. Such a dye might be called 
a transition dye, and it is very probable, so I am told by Dr. A. W. Bull, that Niagara Violet 
is an example. Likewise, a semi-(;olloidal basic dye will behave partly as a basic <^e and 
partly as a colloidal dye, as Briggs and Bull have noted in the case of Methylene Blue. 



THE MECHANK^AL (X)NDITION OF CX^A(;ULA AND ITS 
BEARIN(; ON THE THEORY OF CX)MPLETE 
COAGULATION. I 

BY SHANTI SWAKUP BHATNAGAR, KRISHNA KUMAR MATilUR AND 
DASHARATH LAL SHRIVASTAVA 


Much valiial)l(‘ inforinatidn regarding th(‘ mocliauisin of th(‘ coagulation 
of colloids has boon obtaiiuvl by a rigorous chemical oxamination of Iho pro- 
cipitatos formed as a result of the action of ele(‘trolytes on colloidal solutions. 
In fact the experiments of Linder and Pieton’ and Whitney and Ober- on th(‘ 
complete chemical analysis of the precipitates form the pillars on which th(' 
theory of coagulation by adsori)tion has])e(‘n raisc^l by H. Freundlich. 

A thorough aiul accural examination of tlu‘ [)liysical and mechanical 
condition of coagula ought to b(‘ of consid(*rable inif)ortan(‘(‘ in elucidating th(' 
{)roperties and bf‘haviour of colloidal solutions from which the coagula hav(‘ 
been formed. It can b(» s(‘en a priori, for exampl(‘, that th(‘ coagulum of ^^pri- 
mary particles” of a colloidal solution would hav(‘ smaller aggregate's if the 
original sol consist(‘d of snmllc'r |)articles and of large'r agti:r(*gates if it was com- 
posed of larger particle's. Thus it would b(‘ possible' te) ge't renighly at the 
average original sizes e)f varie)us colloielal se)lutions from the' size's e)f aggregate's 
in the coagula which prese'i ve' their ielentity and which are' similarly ol)taineel 
by the action e)f an e'le'ctrolyte'. For eve'ii a re)ugh (‘e)mparise)n e)f the sizes of 
colloielal solutions ve'ry cennplie'ate'el apparatus and mathematics have te) be 
used. It is probably on ace'ount e)f the'se elifficultie's that the effect of the size's 
of particle's has ne)t be*e‘n take'ii into ce)nsiele'ratie)n in any e)f the well-known 
th(H)ries of ee)agulation, although sued) an effect can be easily shown to be 
important in the fe)lle)wing manner:— 

Let E be the electrical charge on the iems re'quireel to proeluce' ^‘the» sign of 
turbidity” which inelicate's coagulation e)f a sol (*e)ntaining partie'le^s of e'qual 
size's of radius r 

TlionQ=V 

el 

where V is the peitential eiiffe'rence, k the elielectric (iemstant e)f water anel d the 
thickness of the edectrical ^‘elouble layer” and the quantity of charge on 
ejach particle. 

If we assume that the' theory e)f electrical neutralisation of particles reprc'- 
sents the proeiess of coagulation faithfully then we have 

R = nQ 

whc're n is the number of jiartielc's coagulated by the ions. Kecjiing the con- 


* J. Chem. Soc. 61 , 114 (1892). 

* Z physik. Cdiein. 39 , 6.^0 (1902). 
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ceDtration of the dispersed phase as before let us assume that the size of indi- 
vidual particles is reduced to a smaller radius ri® 

ri^ 

then also Qi = V — k 
d 


The number of particles is now evidently increased in the ratio r*: ri* 

The amount of electrical charge required to neutralise all the particles in 
the second sol is 


E, 



=n 



k 


==n 



V 

d 


k 



ri 


• -I- 

* E * ri 

i.e. the amount of electrolyte required to coagulate a given concentration of a 
sol would increase with the decreasing size of the particles. 

Experimental evidence of Sven Oden on sulphur sol is in agreement with 
the theoretical conclusions deduced above. Sven Oden^ investigated the 
effect of the degree of dispersity of the sol on the coagulation of sulphur sus- 
pensions and came to the conclusion that the electrolyte concentration neces- 
sary for coagulation increased with decreasing size of particles. 

If the theory of coagulation based on the mere preferential adsorption of 
ions without any reference whatsoever to the electrical nature of the adsorbent 
ions, be adopted as our guide to the process of coagulation, one would not 
expect any relationship between the valency of the precipitating ions and the 
structure of the precipitate. On the other hand if the adsorption of ions by the 
particles is an electrical process, the structure of the coagulum would indicate 
to some extent the nature of steps in which combination took place to yield 
the particular precipitate. The structure of the coagula would probably show 
some relationship with the valency of the precipitating ion and the degree of 
dispersity of the sol. 

* Cf. Hatschek: ^‘Introduction to the Physics and Chemistry of Colloids”, p. 5S, 4th 
edition. 
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Further, the fact that the coagulation' ‘‘at any stage” is quantitatively 
reproducible, postulates that a particular combination of particles (which 
represents the particular stage) will always be formed provided the conditions 
of the experimentation remain unaltered. 

Thus the prospects of obtaining valuable information regarding the me- 
chanism of coagulation by studying the coagulum at any particular stage of 
coagulation seem to bo very promising. It is in order to get evideru^e from this 
new direction, namely, from the structure of the coagula, for or against the 
present theories of coagulation and to find any relationship if it exists between 
the valency of the precipitating ions, the original sizes of the colloidal solutions 
and the particles present in the coagula that the present investigation was 
primarily undertaken. 

Experimental 

Stokes' Law for the fall of partiicles in a viscous medium can be applied to 
the sizing of particles of coagula. According to this law 

V = — g r 2 

9 rj 

where V = constant velocity of the particles 
p and Pi the specific gravities of the parti- 
cles and the liquid respectively. 
rj = viscosity of the latter, 
and g = gravity constant. 

The above law has been applied by the geologists for the separation of sand, 
mud and silt in the mechanical analysis of the soil and various forms of 
elutriators for work have been devised by Schoene, Stadler, Cook and others. 
Sven Oden^ has developed a method of calculating the distribution of sizes 
from “the accumulation curve” obtained by plotting time against the weight 
of accumulated material on a pan suspended at the bottom of a cylinder con- 
taining a suspension of clay. This fascinating method was first employed to 
obtain information regarding the mechanical condition of coagula of arsenious 
sulphide, antimony sulphide, manganese dioxide and copper ferrocyanide. 

The sol of arsenious sulphide was prepared in the manner advocated by 
Linder and Picton by dissolving Kahlbaum's pure arsenious oxide in about 12 
litres of twice distilled water and passing pure sulphuretted hydrogen in the 
cold solution. The excess of sulphuretted hydrogen was removed by bubbling 
hydrogen in large quantities for several days. The absence of the uncombined 
gas was tested for by the lead acetate reaction. The solution was filtered 
before use and was stocked in two large hard glass bottles which were kept in a 
dark room. 

Similar precautions were taken in the preparation of large quantities of 
colloidal solutions of antimony sulphide and Merck's pure potassium antimony 
tartarate was used in the preparation. 

' Cf. Smoluchowski: Z. physik. Chem. 92 , 192 (1917); Willows: “General Discussion 
on Colloids,” Trans. Faraday, Soc. and Phys. Soc. Oct. ( 1920). 

* Trans. Faraday Soc. 17 , Part II (1922). 
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The colloidal solution of copper ferrocyanide was prepared according to 
the method described in Zsigmondy's book on colloidal chemistry and Merck's 
pure reagents were used throughout. The preparations of colloidal solution 
of manganese dioxide presented some difficulty. The precipitation method of 
getting the sol proved quite useless. The sol was never stable for more than 
an hour and fractional coagulation set in automatically during the process of 
dialysis as well as in the stock bottles. 

The method of producing colloidal solution by the reduction of potassium 
permanganate by manganous sulphate according to the equation 

2 K Mn 04+3Mn SO4+7H2O-2KHSO4+S UnOz+mSOA+S^iO 

is also useless for our purpose; the sol so obtained being unstable unless some 
protective colloid like gelatine is added to it. The addition of a substance like 
gelatine complicates the process of coagulation and interferes with the purity 
of the sol. 

The following method was finally adopted for preparing a colloidal solution 
of manganese dioxide. N/20 solution of Merck's pure potassium permanga- 
nate was prepared and boiled vigorously. Fairly concentrated solution of 
ammonia was gradually added to the boiling solution and a small portion of 
the solution was taken out and coagulated with sodium chloride from time to 
time until it showed complete absence of potassium permanganate. This 
could be deteimined very accurately by noting the absence of colour in the 
supernatant liquid after the coagulum had settled down. The colloidal solu- 
tion thus obtained could be preserved for months in hard glass bottles well 
protected against the entry of dust by suitable stoppers. 

500 c.c. of colloidal solution were as a rule coagulated by a known amount 
of an electrolyte. The two were thoroughly mixed by a clean glass stirrer. 
The coagulum was next transferred to the cylinder for noting the sedimen- 
tation equilibrium according to the method of Sven Oden. 

Although all the precautions necessary for the constancy of conditions 
were observed, the results obtained for a particular coagulum were never 
concordant even when the number of trials made was very large. As a great 
deal of time was spent in repeating the experiments it would be of interest to 
show the best results obtained by this method and they are given in Tables I 
and II. 

Table I 

Coagulum of Manganese Dioxide obtained by coagulating 500 c.c. of 
Manganese Dioxide sol with 50 c.c. of M/io solution of Barium Chloride. 


Weight. 

Time for Trial I. 

Time for Trial II. 

Time for Trial III. 


Min. 

Sec. 

Min. 

Sec. 

Min. 

Sec. 

.05 gm. 

3 

20 

3 

5 

2 

45 

.10 gm. 

5 

30 

4 

50 

4 

50 

.iSgm. 

II 

55 

8 

5 

10 

45 

.18 gm. 

47 

0 

24 

0 

17 

10 
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Table II 

Coagulum of Antimony Sulphide obtained by coagulating 500 c.c. of 
Antimony Sulphide sol with 50 c.c. M/io Barium (Chloride. 


Weight. 

Time for Trial I 

Time for Trial II. 

.05 gm. 

5 

Min. 

0 Sec. 

8 : 

Min. 0 Sec. 

.10 

10 

>> 

20 ” 

14 

40 

,12 

i6 


10 ” 

24 

35 ” 

.14'' 

39 

)) 

45 ” 

33 

” 45 ” 

•is” 

S 3 


30 ” 

4 S 

” 40 ” 


It is evident from the results that the 
time required to accumulate a given 
quantity of the coagulum on thv pan is 
not the same in all experiments which 
should be the case if Sven Oden’s method 
was applicable to these coagula. There 
is probably a slight tendency in the co- 
agula to form a net-like structure if al- 
lowed to stay at r(\st for a long time and 
this is likely to interfere with the repro- 
ducibility of r(*sults by Sv(‘n Oden’s 
method. 

Reproducible results could, however, 
be ( obtained by adopting an elutriator 
which one of us (K.K.M.) had used at the 
Royal School of Mines, London. A com- 
plete drawing of the elutriator used is 
given in Figure i. The elutriating vessel 
E was set in position according to the 
special requirement of the experiment as 
shown in the figure. It was attached to 
the piezometer tube P, by a long rubber 
tube to the sliding cistern (\ The wate 
was kept at a particular level-head in this 
vessel by adjusting the entry of distilled 
water from a large reservoir R so that the 
water just oozed out into the overflow ves- 
sel 0 through a glass tube. The arrange- 
ment for pumping distilled water to the 
reservoir R are self-explanatory in the 
figure. The pumps served a double pur- j 

pose viz,, that of pumping water and of 

filtering the particles as they came out through the nozzle. Precautions were 
taken to see that the distance between the nozzle and the piezometer scale 
remained constant during experimentation. The nozzles were standardized 



A) pump hpump 
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by placing the olutriator in position as shown in the diagram and weighing 
the quantity of water that flowed out in a minute at v^ious heads through 
the nozzle. Three nozzles were tried. 

The area of the cross-section of the elutriating vessel was next determined 
at various positions and the mean was found to be 9.6 sq. cm. The velocity 
cms./min. was calculated by dividing the amounts of water obtained at vari- 
ous heads by the area of the cross sec- 
tion. The velocity head curves are shown 
in Figure 2. From the curve it is possible 
to read out accurately the velocity at 
any position for any nozzle. 

Hydrosols of Antimony and 
Arsenic Sulphides 

500 c.c. of the colloidal solution of 
arsenious sulphide were taken and co- 
agulated with 50 c.c. of M/io solution of 
barium chloride, this amount being the 
minimum quantity required to produce 
immediately the ‘‘sign of turbidity’ ' ccr- 
responding to complete coagulation. The 
supernatant liquid was removed by de- 
cantation and the whole of the precipi- 
tate was transferred to the elutriating 
vessel. The apparatus was then put into 
operation and different fractions of the 
particles were collected at various veloci- 
ties. These fractions were separately an- 
alysed. The method of analysis used for 
arsenic was the well-knoT^m iodometric 
” mr£/r /N ELuPwAr/M! t'EssIt. method. This method did not give satis- 

factory results. At this time there ap- 
peared a paper^ in which the defects of 
this method were pointed out and also some precautions given to counteract 
these. But not being satisfied with the results obtained even with the obser- 
vation of these precautions another method by Kessler* which gave us quite 
concordant results was taken up. This method is also applicable in estimat- 
ing antimony. 

The various fractions obtained in the case of antimony sulphide sol iiiith 
different electrolytes are as given in the following Tables. 



1 Analyst. August (1922). 

* Pogg. Ann., 118, 17 (1863). 
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Table III 

500 c.c. of Antimony Sulphide sol coagulated with M/ 1 Sodium Chloride 


Solution. 

Nozzle Head. 

Equivalent quantity of SbjO.^ 

Velocity of water in 


present in the fraction. 

the elutriator. 

Nozzle I. 

3.8 c.m. 

0.127 gm. 

4 . 5 ems./min. 

81.7 ” 

0.885 '' 

ir.o ” 

126.0 ” 

O.131 

13 -.5 ” 

Table IV 

500 cc. of Antimony Sulphide coafjulated with 50 c.c. of M/io Barium 

Chloride. 

Nozzle Head. 

Equivalent quantity of 81)203 

Velocitv of water in the 
elutriator. 


present in the fraction. 

Nozzle I. 

4.5 cm. 

0.087 

4.6 ems./min. 

22.0 ” 

O.OII '' 

6.6 

80.0 

0.079 ** 

10.9 

90.0 

0.022 ** 

II. 5 •’ 

Nozzle III. 

40.3 cm. 

0-397 ” 

25-7 

50.0 

0-513 ” 

28.0 ” 

Table V 

$00 c.c. of Antimony Sulphide coagulated with 

1.3 gm. of Aluminium 

Chloride in Solution. 

Nozzle Head. 

Equivalent quantity of Sb 203 

Velocity of water in the 


present in the fraction. 

elutriator. 

Nozzle I. 

35 -5 cm- 

0.513 gm. 

7 .Q ems./min. 

8.9 ” 

0.126 ” 

II. 4 

Nozzle III. 

90 . 0 cm. 

0.065 ” 

37-1 " 

130.0 cm. 

0.307 ” 

41.8 ” 


Similar fractions were obtainable in the case of arsenious sulphide hydrosol. 


Colloidal Solution of Manganese Dioxide 

300 c.c. of the colloidal solution of Manganese Dioxide prepared in the 
manner described above were coagulated with sodium chloride, barium 
chloride, and aluminium chloride solutions respectively. In all the three 
cases it was found that the coagula consisted of only one size of particles and 
the results are shown in Table YI. 
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Table VI 


Precipitating Electrolyte. 

Quantity of 
the electro- 
lyte used. 

Piezometer 

Head 

Nozzle Elutriatioh 

Number Velocity 

Sodium Chloride. 

50 c.c. M/i ) 
solution. / 

129 cms. 

II. 13.85 cmB./mm. 

Barium Chloride 

50 c.c. M/io ) 
solution. j 

i 66. s ” 

III. 31.4 

Aluminium Chloride 

•3 0 gm. 

I 2 S S ” 

III. 41.2 


The above results were surprising and it was thought that these extra- 
ordinary results might be due to the fact that the original colloidal solution 
consisted of only one size of particles. It was, therefore, considered necessarj'^ 
to verify the conclusion on colloidal solutions of one size of particles only. 
Recourse was taken to ultra-filtration after the manner of Bechhold and the 
results obtained are shown in Tables VII- VIII : — 


Table VII 


Copper Ferrocyanide Sol after Ultra-filtration. 


Precipitating Electrolyte 

Sodium Chloride 
Barium Chloride 
Aluminium Chloride 


Piezometer 

Head 

3 . 2 cm. 
57.0 cm. 
91.4 cm. (?) 


Nozzle Number Elutriation 
Velocity 

II. 4.8 cm./min. 
II. 9.95 cm./min. 
II. 12.0 cm./min. 


Table VIII 


Antimony Sulphide sol after Ultra-filtration 


IVocipitating Electrolyte 

Sodium Chloride 
Barium Chloride 
Aluminum Chloride 


Piezometer Nozzle Number Elutriation 

Head Velocity 


6,1 cm. 


65-9 

0.7 


n 

n 


II S.4cms./min. 
II 10 . 5 

III 14.5 


Conclusion 

A close examination of the results of elutriation shows that an interesting 
relationship exists between the precipitating electrolytes and the sizes of the 
particles in the coagula. In the case of sols of one size of particles only the 
ratio between the elutriating velocities for the particles of the coagula ob- 
tained by mono-, bi-, and trivalent electrolytes are as 1 12 13. In case of coagula 
obtained from colloidal solutions having more than one size of particles and 
giving a series of graded fractions on elutriation, the above ratio still holds 
good when the largest elutriation velocities alone are compared. The results 
are shown in Table IX for the sake of closer comparison. 

It is evident from these results that the valency of the precipitating elec- 
trolyte is an important factor in determining the size of particles formed in 
their precipitation. In the case of a spherical particle falling freely in a viscous 
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liquid the velocity of fall which corresponds to the elutriation velocity is 
proportional to the square of the radius, that is, the surface of the particle. 
If we can assume that the elutriation velocities in the case of coagula are pro- 
portional to their surfaces these results will have more than an empirical im- . 
portance. It would appear that the magnitude of the electrical charge present 
in the precipitating ion would determine the surface of the ultimate particles 
formed as a result of coagulation. 

Summary 

1. It has been shown that the elutriator can be used for grading the sizes 
of the particles present in a coagulum. Concordant results have been ob- 
rained by using a special adaptation of this instrument. 

2. It has been shown that the largest elutriation velocities required to 
separate the final size of particles in coagula formed by precipitating the 
colloidal solution by mono-, di-, and trivalent electrolytes are approximately 
in the ratio of 1:2:3. 

3. This provides a new evidence in favour of the electrical adsorption 
theory of coagulation of colloids. 

4. It has been shown that colloidal solutions containing one size of parti- 
cles form a single size only in the coagulum also. 

5. Further experiments with the object of throwing light on the phenome- 
non of coagulation are in progress on the lines indicated above and it is hoped 
that a physical explanation of the interesting relationships so far observed will 
be forthcoming. 

Geological and Chemical Laboratories^ 

Benares Hindu University^ 

Benares, 



THE ULTRA-VIOLET ABSORPTION SPECTRUM OF FURFURAL 


BY FREDERICK H. GETMAN 


The absorption of ultra-violet radiation by furfural was first studied by 
Hartley and Dobbie^ in the course of an investigation of the absorption spectra 
of various heterocyclic compounds. Having prepared a highly purified sample 
of furfural, fB.p. 161^-161.5® at 764.9 mm.) they determined the absorption 
produced by varying thicknesses of an alcoholic solution containing 0.096 
gram, or i milligram-molecule, of furfural, C5H4O2, in 20 cc. of solvent. The 
following table gives the wave-lengths expressed in micro-millimeters, /i/i, 
where general absorption was found to commence. 


Table I 


S8 in mm . 

X 

i/X 

25 

372-3 

268.6 

20 

346-7 

288.4 

IS 

346.7 

288.4 

10 

339-9 

294.2 

5 

325-0 

307.6 

4 

325-0 

307.6 

3 

314-1 

318.3 

2 

308.7 

323-9 

i 

308 . 7 

323-9 


From these results they concluded that alcoholic solutions of furfural exhibit 
strong general, but no selective absorption. 

Some years later, in a comparative study of the absorption spectra of a 
series of heterocyclic compounds as vapors, as liquids and in solution, Purvis* 
re-examined alcoholic solutions of furfural and found, contrary to the state- 
ments of Hai-tley and Bobbie, that a N/ 1000 solution exhibits marked selec- 
tive absorption, the head of the band occurring at X270/X/X. 

In view of these contradictory statements it appeared to be of interest to 
re-investigate the behavior of furfural toward ultra-violet radiation in both 
alcoholic and aqueous solutions. 

A Hilger quartz spectrograph (size E6) with a wave-length scale was used 
in making the spectrograms. As a source of ultra-violet radiation a condensed 
spark between two electrodes, made of alloys of ferro-vanadoum and ferro- 
chromium respectively, was used. This combination was found by the author 
several yeai’s ago* to give an unusually large number of closely spaced lines 
many of which are characterized by exceptional brilliance. It has proven so 


' Hartley and Bobbie: J. Chem. Soc. 73 , 598 (1898). 

* Purvis: Ibid. 97 , 1655 (1910). 

* Getman: J. Phys. Chem. 25 , 150 (1921). 
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satisfactory that he ventures here to reiterate its merits as a source of ultra^ 
violet radiation. 

The furfural was prepared and purified according to the procedure outlined 
in a previous paper^ treating of the electrical conductance of various salts 
dissolved in furfural. The ethyl alcohol used was prepared by refluxing 95 
per cent alcohol over lime and subsequently distilling, while in the preparation 
of the aqueous solutions, so-called“conductance water^^ was used. 

In each series a mother solution containing 0.96 gram of furfural in 100 cc. 
of solvent, i.e. a N/io solution, was prepared by direct weighing, and from this 
N/ioo and N/iooo solutions were prepared by dilution. 

It should be pointed out that N/io aqueous solutions of furfural are per- 
fectly homogeneous, it having been shown by Mains'^ that separation into two 
layers docs not occur until a concentration of about 8 percent by weight of 
furfural is reached. 

The solutions were examined in a ^‘Baly tube^^ provided with a 10 ern 
scale graduated in millimeters. The thickness of the absorbing layer was 
diminished step by step until complete transmission was secured. The time 
of exposure was uniformly 10 seconds throughout the entire series of experi- 
ments. 

The limits of absorption in both the alcoholic and aqueous solutions were 
found to be identical. It is probable that, with a spectroscope of greater 
dispersive power, the limits of absorption in the alcoholic solutions would be 
found to lie nearer the visible portion of the spectrum in accordance with the 
law enunciated by Kundt that the limits of absorption of a solute are pushed 
toward the red region of the spectrum as the refractive index of the medium 
is increased. The limits of absorption in N/io and N/ioo solutions, together 
with the corresponding values found by Hartley and Dobbie, and Purvis, are 
given in the following table. 


Table II 


(N/io solution) 


Thickness in mm. 

X(G) 

X (H & D) 

X(P) 


— 


359 

10 

345 

347 


2 

. . . 

325 

213 

I 

316 

(N/ioo solution) 

311 


30 


. . . 


10 

316 

309 


2 


. . . 

297 

1 

300 

. . . 

• • . 


^ Getman: J. Phys. Chem. 28, 212 (1924) 

* Mains: Chem. and Met. Eng. 26, 779 (1922). 
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The spectrograiDS of N/iooo furfural solutions were found to reveal, in 
addition to general absorption, the existence of a well-defined and persistent 
band. The absorption curve corresponding to this band is plotted in Fig. i 
together with that determined by Purvis, the former being the full line curve 
and the latter the dotted. It is apparent that the two curves are essentially 
identical, the differences being no greater than the probable expc^rimental 
errors of the method. The position of the head of the absorption band is thc‘ 
same in each, viz., X270 )li/x, or frequency 370. 




llJLMJMl 

/ 


2 

3 

. nmi 

A 


5 


6 



Fig. 2 


The marked absorbing power of minute (piantiti(»s of furfural for ultra- 
violet radiation is furtJier brought out by the spectrogram shown in Fig. 2, 
where the six successive spectra have the following significance: (1) spectrum 
of source, (2) absorption spectrum of 50 mm. of solvent, (,0? (4)? (5) and (6) 
absorption sp<^ctra of solutions of furfural containing i pari of solute in 100, 
TOGO, 10,000 and 100,000 parts of solvent respectively. It will be seen that 
only in the last and most dilute solution are the shorter wave-lengths trans- 
mitted. It is undoubtedly to the persistence with which furfural absorbs 
ultra-violet radiation that we must attribute Hartk^y and Dobbie^s failure to 
discover its selective in addition to its general absorption. 

Although freshly distilled furfural is almost colorless, it develops col- 
or on exposure to light, or on prolonged standing, passing from a pale 
straw-colored liquid, through various shades of yellow and orange to a dark 
brown liquid which is almost opaque to light. It seemed of interest to ascer- 
tain whether, as the visible absorption spectrum of furfural changes, a corre- 
sponding change takes place in its ultra-violet absorption spectrum. In order 
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to settle this point, a flask containing a sample of pure and nearly colcM-less 
furfural was exposed to the direct rays of the sun for two weeks, at the expira- 
tion of which time the liquid had acquired a deep amber color. A series of 
aqueous solutions were prepared from this substance and their ultra-violet 
al^rption spectra examined in the manner already described. It was found 
that the deep band in the N/iooo solution remained unaltered, but that in 
the more concentrated solutions the general absorption was greater than in 
corresponding solutions of freshly distilled furfural. This is shown in the 
following table where the comparative values of the limits of absorption of 
varying thicknesses of N/io solutions of the pure and yellow modifica- 
tion of furfural are given. 


Table III 
(N/ lo solution) 


Thickness in mm. 

(Pure) 

(Yelhw) 

100 

370 

420 

SO 

370 

396 

10 

345 

348 

5 

335 

335 

I 

316 

3»6 


In other words, exposure to light appears to cause an increase in the ab- 
sorption in the more concentrated solutions in the direction of the longer wave- 
lengths, the yellow color being due to the selective absorption of the violet 
and a portion of the blue region of the visible spectrum. It seems highly 
probable that the instability of furfural as shown, by its tendency to pol3rmer- 
ize, is intimately connected with its marked absorbing power for ultra-violet 
radiation. 

If it be tme, as the advocates of the theory of dynamic isomerism maintain, 
that no organic compound shows an absorption band unless the possibility 
tautomerism exists within the molecule, the existence of selective absorption 
in furfural might be explained by an isorropic process such as is represented, 
by the following formulas: 


— C C— — C C— 

This, however, is purely conjectural and no satisfactory explanation of the 
existence of an absorption band in furfural or other organic compounds can be 
advanced until a rational theory of the absorption of radiation has been 
developed. In this connection it is of interest, however, to note that Baeyer^ 




^Ber. 10, 1358 (1877). 
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as the result of his study of the chemical behavior of furfural, advanced 
three possible structural formulas of the compound, as follows: 

/0\ /O /0\ /O p 

H— C C— C— H H— C G-C— H C C— C-H 

H— di — I!:— H H-i = d:— H h— ! c ^ d-ii 

(i) (2) Cs) 

Hillside Laboralory. 

S^amfordf Conn, 



THE PURIFICATION OF INSULIN AND SIMILAR SUBSTANCES 
BY SORPTION ON CHARCOAL AND SUBSEQUENT 
RECOVERY* 


P. J. MOLONEY, AND D. M. FINDLAY 

^‘Since the adsorption of liquids by solids is selective it follows that one 
liquid will be adsorbed more by a solid than will a second liquid and that con- 
sequently the first will displace the second from contact with the solid. No 
systematic study of this phenomenon seems to have been made*.'' The same 
is true for the sorption of solutes* or colloids from solution and it seems likely 
that systematic study of the latter cases would lead to valuable improvements 
in the technique of chemical purification. Many chemically ill-defined sub- 
stances — dyes, toxins, etc., — are readily removed from solution by shaking 
with charcoal or kaolin ; if they could as readily be recovered from the sorber 
they would be accessible to chemical investigation. 

Comparatively little experimental work has been published on the separa- 
tion of sorbate from sorber; in connection with our endeavors to purify insulin 
by means of charcoal we have been led to classify the available methods into 
four main groups. Methods of the first group are applicable whether the 
sorption is reversible or not. Those of the other three only when it is at least 
approximately reversible. 

Group I: By chemical action on the sorber ^ for instance: — 

(A) by dissolving it, leaving the sorbate undissolved. Pepsin* and lipase* 
have been purified by sorption on cholestrin followed by solution of the latter 
in ether; similarly insulin®, by sorption on benzoic acid and subsequent 
treatment with ether. 

(B) If a complex containing an amorphous sorber were kept under such 
conditions that crystallization set in, the sorbate would no doubt in many 
cases be released; Freundlich and SchuchU showed that amorphous mercuric 
sulphide sorbs more dye than the crystalline form into which it spontaneously 
changes, but we have found no case of isolation or purification by this method. 

* From the Insulin Division, Connaught Laboratories, University of Toronto. 

* Bancroft: ‘‘Applied Colloid Chemistry”, p. 72, (1921). 

* For the sake of brevity the word “solution” “solute”, and “solvent” are employed 
to include colloidal suspensions, etc.; this avoids the continuous repetition of such terms 
of “solution or suspension”, “solute or suspensoid”, “solvent or dispersoid.” The word 
“complex” is used as an abbreviation for “son>er plus sorbate.” 

*Fj, Briicke: Virchow's Archiv. 25 279. 

* Willstktter: Hoppe-Seyler's Z. physiol. Chem. 125 , 191 (1923). 

* J. Biol. Chem. 57 , 359 (1923)* 

^ Z. physik. Chem. 85 , 660 (1913). 
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(C) Finally if further study should show that the phosphate solutions 
used by Willstatter^ convert, alumina or kaolin into a phosphate incapable 
of sorbinp^ enzymes, his method of purifying the latter would come into this 
group. 

Group II: By changing the temperature ^ effecting the sorption at a tem- 
perature where the sorption coefficient is high and the removal at a tempera- 
ture where it is low. This method has found wide application in the case of 
gases. Effront’s® measurements of the effect of temperature on the sorption 
of ptyalin by filter paper might lead to a method of purifying the ptyalin if 
anything like equilibrium was reached in his experiments. This method is of 
general applicability and can be used in conjunction with those of the other 
groups. 

Group III: By lowering the chemical potential of the solute in the solution. 
This may be effected: — 

(A) by lowering its concentration, as by repeatedly washing the complex with 
fresh portions of the original solvent; e.g., the removal of sorbed sugar* from 
charcoal by washing with water. Because of the general form of the sorption 
isotherm this method must be expected to give a poor yield and a very dilute 
solution of the product desired; it has been employed however by Effront,^ 
who purified pepsin by sorption on filter paper and washing out with water. 

(B) by adding to the original solvent some fourth substance and thus in effect 
creating a new solvent in which the sorbate is more soluble than in that from 
which it is sorbed. Acids for instance, vsorbed by wooP from aqueous solution, 
may be recovered by digestion with dilute alkali ; to recover the original acid 
of course requires a subsequent operation. (Changing the pH of the solution 
from which a colloid has been sorbed might have the same effect. Ambard® 
and Effront7 used dilute solutions of starch to remove amylase from starch 
granules and ptyalin from cellulose respectively, but did not recover the 
enzymes in the pure state. 

(C) by the use of an entirely new solvent, e.g., iodine or methyl violet* taken 
up by charcoal from aqueous solution may be recovered by treating the com- 
plex with alcohol. 

Group IV : By replacing the original sorbate by another. This may be 
effected by digesting the complex with a solution, (or suspension) of some 
fourth substance which is readily sorbed and which does not itself carry the 

‘ Hoppe-Seyler’s Z. physiol. Chem. 

*Coinpt. rend. Soc. Biol. 86, 271. 

• Bayliss: ‘Trinciples of General Physiology^^ 2nd Ed. p. 69. 

• Compt. rend. Soc. Biol. 87 , 128. 

•Von Georgievics: Monatsh. f. Chem. 32 , 655 (1911). 

• Bull. Soc. Chim. Biol. 3 , 51-56. 

^ Compt. rend. Soc. Biol. 86, 271, 

• Bancroft: ‘‘Applied Colloid Chemistry, p. 113 (1921). 
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original sorbate into the interface.^ Saponin^ has been used to prevent rennet 
from concentrating in the foam of a shaken solution, and it has also been used 
to re-activate® rennet sorbed on charcoal; Freundlich and Kaempffer* observed 
that the sorption of uranium salts is decreased by the addition of thorium 
salts, benzoic acid, strychnine nitrate, etc., to the solution, and ascribed this 
to replacement of the uranium in the complex by these substances; but we 
have found no clear case of isolation and purification by replacement in the 
complex. However, since the boundary between groups I-C and IV is ill- 
defined, it may be that some Willstatter’s® work on the purification of enzymes 
comes under this head. 

Although hitheito they have been but little used, we believe that the 
systematic application of the methods of the fourth group is the best means 
available for isolating and purifying the chemically ill-defined substances so 
important from the physiologist's point of view; it does not seem too much 
to hope that by their means a technique of practical sorption and recovery 
may be developed which will play the same part in the purification of colloids 
that fractional distillation and fractional crystallization play in the purifica- 
tion of volatile and crystalline chemicals. 

Application to the Purifeation of Insulin 

In our work charcoal is used as a sorber, about one milligram being needed 
to remove the insulin from i ce. of a relatively pure solution such as the clin- 
ical product.® 

The methods of Group I are inapplicable with charcoal as a sorber; as 
stated above they gave us good results with benzoic acid. Method II was 
used in combination with the others; III-A (washing with water), proved 
useless. Under Ill-B come our attempts to recover the insulin by digesting 
the complex with aqueous solutions of varying pH — from hydrochloric acid 
of pH 1.0, to borate and phosphate buffers as alkaline as pH 9.8; negative 
results were obtained in every case, while greater alkalinity destroys the 
insulin. Experiments in which the complex was digested with various solvents^ 
of insulin— phenol, glacial act^tic acid, or a mixture of hydrochloric acid and 
alcohol — come under III-C; the results here too were disappointing. 


' Hunter (J.Chem, Soe. 23 , 73 (1870)) has shown that the sorption of ammonia from 
gases by charcoal is increased by the presence of sorbed water. 

* S. and S. Schmidt-Neilson: Hoppe-Seyler's Z. physiol. Chem. 68, 317 (1910) 

® Jahnson-Blohm : Hoppe-S(\vler’s Z. physiol Chem. 82 , 178 (1912). 

*Z. physik. Chem. 90 , 681 (1915). 

® Hoppe-Seyler’s Z. physiol. Chem. 125 , 132 (1923). 

* With a crude solution of insulin much larger amounts of charcoal are needed, due 

no doubt to the sorption of other constituents of the crude preparation. Cne might expect 
with Freundlich that constituents which lower the surface tension of the solution would be 
preferentially sorbed ; this conclusion is borne out by the following stalagmometer readings 
obtained with a crude solution of insulin after digestion with varying amounts of charcod: — 
Grams charcoal. 00 0.2 0,4 06 

Drops of solution 83 79 75 72 

^ Moloney and Findlay: Trans. Roy, Soc. Canada, 17 , Sec, V, 77 {1923). 
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Our first suc(^ossfiil results wen* obtained by the method of Group IV, 
viz; by leaching a complex containing four units of insulin with 0.3 N solu- 
tions of fatty acids in aqueous alcohol; the fatty acid was removed by extrac- 
tion with ether and the aqueous solution injected into rabbits.^ The table* 
gives the blood sugar readings observed; from these it may be deduced that 
by means of lauric acid three* epiarters of the* sorbed insulin has been recovere*d, 
about one quarter by etapiylie and heptylic acids and very little by the* others. 
A parallel series with the sexlium salts showe*el a slight recove*ry with the* lau- 
rate and none with the others. 



Blood Sv^ar 

Normal 

hrs. after inject ion 

But3T ic acid 

0. ri8 

0. T04 

C^aproic 

0.118 

0 104 

Heptylic 

0 no 

0 072 

Gaprylic 

0 124 

0.072 

Lauric 

0 318 

0.054 (convulsions). 


‘-^There can be little doubt that the removal eif the insulin is elue to its re*- 
placement by the fatty acid. In the first place Bai*tell and Miller® have shown 
•that in soap solutieins it is the* acid liberated by hydrolysis which is sorbed by 
charcoal. This accounts fe)r the greater eflficiency e)f the aciels compared with 
their salts in the recovery of insulin. Then the same authors have shown that 
the higher fatty acids are more reaelily sorbeel by charcoal than the lower and 
our re'sults show that their ability to libe^rate insulin increases in the same 
direction.^ Finally our experiments with alcoholic solutions of oleic acid, 
stearic acid, sodium oleati* and castille soap gave ri'sults as good or better than 
those with lauric acid, while by the use of benzoic acid or of salicylic acid 
(which according to Bartell and Miller an* very strongly sorbed by (iharcoal) 
practically all the insulin can be recovered. Glycocoll, (not sorbed by char- 
coal) tartaric acid (sorption about the same as liutyric), hydrochloric, nitric 
or sulphuric acids (soi-ption less than acetic), gave no yield, as was to be ex- 
pected; the same is tnu* of citi ic acid, alanine, potassium iodide and potassium 
nitrate. Phenol gave* no yi(*ld, but an alcoholic solution of thymol recovered 
7S^'ci so did an aqueous solution of ammonia, which is strongly sorbed 
by charcoal and a solution of bile salts whose powder to greatly decrease the 
surface tension of aqueous solutions has long been known. 

* Caution must be observed in interpreting the results of such experiments, to avoid 
the use of reagents which themselves lower blood sugar, such for example as sodium dihydro- 
gen phosphate, potassium iodide, guanidine sulphate (Collip: J. Biol. Chem. 1923. 

* We found that the dyes methylene blue, safranin and methy violet , which are 
readily sorbed by charcoal may be i‘e(!overed by the use of soap solutions. In the case of 
the last two named the acidity of the solution from whh^h the dye was sorbed does not affect 
its subsequent recover>’; but if methylene blue be sorbed from solutions of pH 2.2 (phthalate 
buffer) it cannot be removed by aqueous soap solutions, while if sorbed at pH 3.8 part at 
least can be recovered. 

® J. Am. Chem. Soc. 45, 1106 (1923) 

* Warburg’s work shows that in other instances the higher members of a series are 
the better replacing agents. (Z. Elektrochem, 28, 70 (1922) ). 
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The following process based on the expt^riments referred to above has 
proved successful in the manufacture of commercial Insulin in these Labora- 
tories^: — Ten litres of a partially purified solution of insulin are set at pH 
2.5 with hydrochloric acid and left overnight with 400 gi’ams of charcoal with 
occasional stirring.^ The charcoal is then removed, washed with water, and 
stirred with two litres of a 5% solution of acetic acid in 60% alcohol~this 
reagent leaches off certain impurities but leaves the insulin. After filtration 
the charcoal is digested for several hours at room temperature with 3.5 litres 
of a 12% solution of benzoic acid in 60% alcohol, and the insulin recovered 
from the solution by evaporating off the alcohol and removing the benzoic 
acid by ether — after which treatment of course the ether remaining dissolved 
in the insulin solution must be got rid of by evaporation. We are at present 
employed in stud5dng the effect of higher temperatures during sorption and 
recovery ; it appears that thereby the time required for the various processes 
can be materially reduced. 

As it seemed likely that reagents which replace insulin from its complex 
with charcoal might also replace it from its complex in the pancreas, we tried 
(extraction of the glands with alcoholic solutions of benzoic acid and obtained 
yields up to 2,000 units per pound of gland.* Parallel runs with N/20 sul- 
phuric acid (the reagent used by Doisy, Somagyi and Schaffer^) gave only 
100-300 units per pound; and in the light of our experiments with charcoal 
cited above it seems probable that most of this must be ascribed to the action 
of the fatty acids liberated by the sulphuric from the gland. 

The paper presents a classification of the methods available for recovering 
adsorbed substances from charcoal, etc., with a view to their isolation and 
purification ; gives instances gathered from the literature of their application 
for such purposes and details their use in the purification of insulin. 

Our thanks are due Professor W. Lash Miller for assistance in putting this 
paper in form. 

University of Toronto^ 

Connaught Laboratories, 

December, 1923. 


* Best and Schott: . 1 . Biol. Chem., 57 , 709 (1923). 

* If charcoal be used on an insulin solution which is (h^teriorat-ing, the rate of destruc- 
tion is increased. 

* The crude product so obtained is very unstable; methods of purifying it further 
are being studied. 

* Proc. Am. Soc. Biol. Chem. Toronto meeting, December, (1922). 
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Light and Colour. By R. A. Homtmin. cm; pp. xi‘-\-179. New York and 

London: LofigmanB, Green and Co. ^ 192S. Price: $2.60. The publisher’s advertizement says 
that **this book is intended for the general reader and deals with the spectrum, the nature of 
light, colour photography, and allied subjects. The treatment, though popular, is every- 
where from the most modern standpoint.” This statement is imnecessarDy modest for the 
book can l>e read with profit by any scientific man. My attention was first called to the 
book by Professor Eve of McGill University, who told me that he had enjoyed it I am 
glad to bear witness that I have both enjoyed and profited by it. 

The chapters arc entitled Newton and the colours of the sj)ectrum; the nature of 
light; invisible rays; applications to the structure of atoms and stars; the primary colours; 
colour blindness; colour photography and stereoscopy; the light of the future: photochem- 
istry and allied effects; phototherapy; the psychology of colour. 

There is a distinctly interesting diagram of the rainlM:»\v, p. 5. and it is certainly 
wwth while to quote the view^s on color of Dr. Barrows, who was Newton’s predecessor in 
the Lucasian professorship of mathematics. ” White is that which discharges a copious 
light equally clear in every direction. Bla(‘k is that which does not (*nut light at all, or which 
dot»8 it very sparingly. Red is that which emits a light more clear than usual, but interrupt- 
ed by shady interstices. Blue is that w^hich discharges a rarefied light, as in bodies which 
consist of wdiit(‘ and black particles arranged alternately. Green is nearly allied to blue. 
Yellow' is a mixture of much white and a little red; and purple consists of a great deal of 
blue mixed wuth a small i>ortion of red. The blue colour of the sea arises from the whiteness 
of the salt it contains, mixed w'ith the blackness of the pure water in which the salt is dis- 
solved; and the blueness of the shadow's of bodies, seen at the same time by candle and day- 
light, arises from the whiteness of the pa|K‘r mixed w’lth the faint light or blackness of tw'i- 
light.” 

Houstoun adopts the view of hklridge-Green in regard to the presence of indigo in 
the sjiectnim. ”Dr. Edridge-Green states that Newton had exceptionally good colour 
vision, and that he saw a difference in the spectrum at this [xiint w^hich was not visible to the 
average man. According to Edridge-Greim’s classification of (*olour vision the average man 
sees only six colours in the spectrum, red, orange, yellow', green, blue, and violet. lie <*on- 
sequently refers to normal colour vision as hexachromic. . . . The average man sees, of 
course, intermt‘diate shades lietw'eeii thest* (*olours, but these* six colours apfiear to lie funda- 
mental. But t here are cert aiii individuals, the seven-colour class or hepta-chromic according 
to Edridge ’s-Greeii’s terminology, who see a seventh colour, indigo, lx*tween the blue and 
the violet. They have a decidedly letter ixilour perception than the hexachromic. It is 
not merely a matter of colour nomenclature; the heptachromic really sih* something at this 
region in the spt^ctrum, w'hich the hexachromic do not soo. New’ton, according to Edridge- 
Green, was a heptachromic.” 

Edridge-Gr<*en states that only ala^ut four in a thousand have heptachromic vision; 
but Houstoun found three eases out of eighteen observers taken at random, p. 9. These 
three all objwted to the word indigo, and chose dark blue as a more suitable name; they all 
said it was more like blue than violet. They placed the Ijoundary l^etween blue and indigo 
at 465 juM- Another, and perha}>8 the n'al, reason why New'ton included indigo wras liecause 
this made seven (*olors and brought his phenomenon in line with the doctrine of the music of 
the spheres, p. 17, according to which the sun and moon and the five jilanets, Saturn, 
Jupiter, Venus, Mars, and Mercury, emitted musical notes as they revolved in their orbits, 
thereby producing a heavenly harmony. “The music of the spheres forms a curious bypath 
in the history of human thought. And yet not altogether a bypath, for it inspired Kepler 
to discover the third law of planetary motion, and upon this law* Newton built his theory of 
gravitation.” 
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'‘It will 1 h‘ noticed in the above scheme that the sun and moon are included in the 
number of the f)lanets. This was the teaching of the priest-astronomers of the early BaV>- 
ylonian civilisation. ITranus and Neptune were, of course, not discovered then. The seven 
planets were regarded as gods, an idea that lingered on into medieval times in astrology; 
the sun’s influence on the crops and weather was, of course, very obvious, and it became 
natural to assume that the other planets exerted an influence on human affairs, less obvious 
perhaps, but nevertheless very imiKirtant. To a primitive pastoral i>eople, often abroad at 
night under a clear tropical sky, the planets would naturally appear very mysterious moving 
on their regular paths among the stars. The division of the month into weeks was instituted 
in their honour, an arrangement still in use in this country with the names of the Scandina- 
vian deities substituted. It was doubtless owing to there l)eing seven planets, that the num- 
l>or seven acquired the sacred character it has in the Bible, that there were seven imjiortant 
metals in alchemy, that tlu're were seven notes in the octave, and seven colours in the 
spectrum,” p. 19. 

"On p. 71 th(‘r(‘ is a discussion of the effects of mixing coloured lights. "l’’he red 
required for our ('xi)eriment must be a pure red without any tint of orange, somewhat 
similar to the red of the railway signal lamps; the green must contain neither yellow nor 
blue, and must be purer than the green of the signal lamps; the blue must be an ultra- 
marine with a good deal of violet in it. Under these circumstances if the red is superimposed 
on the green we obtain yellow^ Strong red imposed on weak green gives orange, weak red 
on strong green yellowish green. Green superimposed on blue gives peacock blue. Bed 
superimposed on blue giv(*s magenta, and red on a stronger blue gives purple. Bed, green, 
and blue superimposi'd on one another make whit^*. If w'hite is dimmed, we get gray; if 
orange is dimmed we get brown. Superimposing wdiit(‘ on any colour makes it ])aler. Thus 
by means of the threi' colours, red, green, and blue, w'(‘ obtain nearly all the colours that 
o<*cur in nature' They do not give us violet, but pure violet does not occur fre(|Uontly in 
nature. So red, green, and blue are termed the primary colours. . . . 

"Peacock blue, magenta, and yellow' are termed the three complementaries, since 
each of them combined with one of the primaries gives white. Peacock blue is .sometimes 
referred to as minus red, since it is the colour obtained by subtracting red from w’hite, and 
in the .same way magenta and yellow are referred to as minus-green and minus-blue.’” 

"So far we have dealt with adding or mixing coloured lights. We have now to con- 
sider the mixture of coloured pigments. This is a subject with w'hich to a certain extent w'e 
are all familiar, owing to our experience with water (‘olour paint-boxes when children. We 
then learned that approximate representations of all (*olours could be produced by mixing 
red, yellow', and blue, or more ai'curately, crimson, yellow', and pe^icock blue, i.e. the three 
complementaries on the colour diagram For crimson and yellow' mixed in varying propor- 
tions gave red and orange, yellow and blue gave green, and blue and (*rimson mixed in vary- 
ing proportions ultramarine-blue and the purples, lienee the.se eolouns have been termed 
by the artists the primary or elementary colours, for human nature has had a natural 
tendency to think in t(*rms of e'lements, e.specially in medieval times; some painters have 
restricted themselves to the use of these three colours, adding black for the purpose of 
darkening them and obtaining the brown.s and greys, although they would undoubtedly 
have obtained a better representation of the hues of nature, if they had used other colours 
as well. 

we desire to renew our studies in mixing coloured pigments, then w'e can go back 
to the crimson lake, gamboge, and Prussian blue of the water colour paint-boxes. Or we 
may use instead Arnold’s waterproof inks, carmine, yellow', and Prussian blue, which give 
more intense colours. If we wish to exhibit the mixing of pigments to a large audience, the 
best method is to get six glass cylinders, fill the first with a crimson liquid, the second with 
a yellow liquid, and the third with a blue liquid, and then pour the liquids together into the 
fourth, fifth, and sixth to make orange, green, and purple. The glasses should be held 
before a well-lighted w'hite background, Fuchsin, naphthol yellow', and copper sulphate are 
suitable colours to use. 
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we add yellow and blue pigments we get green. If we add yellow and blue lights 
we get white. Whence comes the contradiction? 

yellow pigment appears yellow because, when the constituents of white light fall 
upon it, the blue and violet are absorbed, and red, yellow^, and green reflected . Most yellows 
occurring in nature are not very pure, and reflect red and green as well as yellow*. A blue 
pigment appears blue because it absorbs red and yellow, most blues occrurring in nature are 
not very pure, and reflect green as well as blue. When the yellow and blue pigments are 
mixed, the mixture absorbs all the colours absorbed by its components singly, i.c., blue, 
violet, red, and yellow. Green is the only colour left. It alone is reflected and the mixture 
appears green. A mixture of pigments gives only the colour which neither absorbs, not the 
sum of the two colours, as we obtain w'hen adding lights,’* p. 75. 

^‘Dalton was first distinctly convinced of his jKiculiarity of vision in 1792, when he 
w'as 26 years of age, by the discovery that the flower of a geranium which appeared to others 
pink in all lights, ap|>eared to him blue by day, and what he called red by candle light. All 
his friends except his brother said there was not any striking difference in the colour by th(' 
tw^o lights. This observation led him to examine the peculiarities of his vision; he then 
found that the pure colours, red, orange, yellow*, and green w*ere practically all alike to him, 
and that he called them all yellow, but that he could distinguish blue and purple, and that 
he (‘ailed these colours by the cc^rrect names Dalton said that blood appeared bottle-gretui 
to him, grass appean'd very little different from red. A laurel leaf w'as a good match for a 
stick of sealing wax,” p. 87. 

“Put in its simplest form the Young-Helrnholt z th(‘ory states that in the retina of 
<‘ach ('ye there end three sets of nerv('s, one set for th(* sensation of red, another for tlu* 
sensation of green, and a third for the .sensation of blue W hen red light falls on the eye, it 
stimulates the red nerv(*8. W^hen yidlow* light falls on the eye, it stimulates both the red and 
gn'cn nerv('8. W’hen w’hite light falls on the eye, it stimulates all three sets of nerves The 
colour blind lack either one or tw'o sets of nerves. If they lack tw'o, th(\v are totally colour 
lilind, and are referrt'd to as monochromats If they lack one set, they are referred to as 
dichromats; all the commonly occurring cas(*s are dichromats w'ho lack either the red or 
gr(»<*n set of nerves, and are consiHiuently r(*ferred to as n^d or green blind. Observers with 
normal colour vision an* n'fenvd to as trichromats. 

“One obji'ction to the Young-lbdmholtz th(*orv is that there is no anatomical (‘Vi- 
denc(‘ for the thive sets of nerves, but the most sc'rious objection is, that the colour blind do 
not fit into the original (‘lassification. I have tested carefully some thirty colour blind indi- 
viduals, and not one of these agreed with Helmholtz’s tyjiical cases Ib'lmholtz becaint' 
aw*are of the inadeciuacy of his earlier views, and before his death he modified his theory so 
as to make it iH'tter able to take account of the cases occurring in practice* But when the 
th('ory is modified, it loses its original simplicity and force. 

“The other theory most prominently before the public at present is the non-element a I 
theory which has be(*n advocated by Dr. Edridge-Green for the past twenty years. Accord- 
ing to this theory there are no elementary sensations; colour vision occurs in all di'grees of 
goodness passing in insensible gradations from the totally colour blind through the normal 
to those w*ho have better colour vision than the normal, and the (‘olour blind should not fall 
into classes like the red-blind and greenblind. 

• “It should be stated that the mathematical develoiirnent of Helmholtz’s modified 
theory does equally w*ell for the non-element ary theory, so that there is no serious differemre 
between the tw*o standpoints; the current practice of idt'ntif5ung Helmholtz’s name with 
his earlier view* is hardly fair to his memory, in consideration of the great advances he mad(* 
in the study of the suliject,” p, 90. 

“The bead test reveals not only colour blindness, but differences in the classification 
of colours. Some people are very particular, and put only a pure red in the red hole; 
others include pink and crimson under red, and a few are inclined to extend the term to 
include brown and amber. Usually out of four men tw*o put peacock blue in blue and one 
puts it in green, while the fourth leaves it in the drawer. Three out of four w*omen put 



410 


NEW BOOKS 


peacock blue in blue. Such differences interest the people using the test very much; in fact 
I have heard the apparatus called *The Parlour Game Test for Colour Vision/^ and it is 
really more interesting than many parlour games. In using it the examiner must distinguish 
between a selection made because the examinee sees the colours different and a selection 
made because he classifies them differently; this is, however, easy,'’ p. 93. 

*'The best known name in the region of phototherapy is that of Professor Finsen of 
Copenhagen, who worked for many years on the subject, from 1893 onwards. I{e had an 
institute for phototherapy at which he treated large numbers of patients; he was fortunate 
in obtaining help both from private individuals and the state, and in thus being able to 
carry his plans to completion. He w^as awarded a Nobel Prize for his work. His chief 
success was with the skin disease lupus, a form of tuberculosis, of which he treated from 
1,200 to 1,300 cases. It is stated that he obtained a cure or considerable improvement in 
between 90 and 94 per cent, of these cases. But his treatment is not much used in our own 
country at present, apparently because it is slow, tedious, and expensive,’' p.148. 

“There have been two schools of thought with reference to rickets. According to the 
one view the disease is due to a deficiency of a vitamin — the fat soluble vitamin A — which 
promotes growth. Vitamins are substances without the presence of a ver>^ small quantity 
of which the body is unable to derive the proper nourishment from its food. According to 
the other view the disease is due to confinement and defective hygiene. The two views are 
probably complementary, not contradictory. In many cases a course of cod-liver oil has 
been very successful, apparently because it supplied the lacking vitamin. 

“It has been suggested that sunlight or ultra-violet light sets up inflammatory pro- 
cesses in the skin which produce vitamin A by a photochemical reaction. This would ac- 
count for the seasonal prevalence of rickets in winter and early spring. The matter is, 
however, still very hypothetical,” p. 130. 

“Thus the mountain sunshine has a quality which the sunshine of the valleys and 
plains has not; it contains certain ultra-violet radiations which the latter lacks. At first 
sight 10 or 20 A . T ' . may not seem worth climbing the mountain for. But the fact that there 
are more of the limiting radiations at high altitudes means that more are being absorbed 
there; now the absorption of ultra-violet light is often at^companied by ionisation — i.e., in 
this case by change in the electrical conditions of the atmosphere. This may make the air 
fresher. What exactly constitutes fresh air is not known. It is not merely sufficient to 
diminish the carbon dioxide content, as was ff)nnerly thought to be the case. Everyone 
admits that thousands of cubic feet of air may be pumped through a room and yet leave it 
with a close feeling. There are subtle changes in the condition of the molecules that defy 
chemical analysis, and yet conduce very much to our feeling of health. Possibly the radia- 
tions present in mountain sunshine and absemt from ordinary sunshine may bring these 
changes about,” p. 152. 

In regard to the Cooper Hewitt lamp the author says, p. 154, that “the colour of the 
lamp was always against it; it gave everything a green, ghastly hue. Golden hair appeared 
a mossy green, a penny stamp was exactly the colour of a three half-penny one when illum- 
inated by its rays, and I was told by some acquaintances, who worked temporarily during 
the war on the night shift in a factory illuminated by the mercury arc, that the first night 
they opened out their sandwiches, they simply looked at them in the green light, and then 
tied them up again; the colour was too much for them.” 

Wilder D. Bancroft 


Dimensional Analysis. By F. W. Bridgfnan. $SX16 cm; pp. 116. New Haven: 
Y ode UniverHity Press y 1922. Price'. $5.00. “The growing use of the methods of dimensional 
analysis in technical physics, as well as the importanct^ of the method in theoretical invest!** 
gations, makes it desirable that eveiy^ physicist should have this method of analysis at his 
command. There is, however, nowhere a systematic exposition of t<he princijides of the 
method. Perhaps the reason for this lack is the feeling that the subject is so simple that any 
formal presentation is superfluous. There do, nevertheless, exist important misconceptions 
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as to the fundamental charaeter of the method and the details of its use. These misconcep- 
tions are so wide-spread, and have so profoundly influenced the character of many specula- 
tions, as I shall try to show by many illustrative examples, that I have thought an attempt 
to remove the misconceptions well worth the effort. 

“I have therefore attempted a systematic exposition of the jjrinciples underlying the 
method of dimensional analysis, and have illustrated the applications with many examples 
especially chosen to emphasize the points concerning which there is the most common mis- 
understanding, such as the nature of a dimensional formula, the proper number of funda- 
mental units, and the nature of dimensional constants. In addition to the examples in the 
text, I have included at the end a number of practice probUuns, which I hope will b«» found 
instructive." 

Dimensional analysis and the principle of similitud(‘ are interchangeable terms, p* 
10. ‘‘The puriK)se of dimensional analysis is to give certain information alK)ut the relations 
which hold lietwecn the measurable quantities associated with various phenomena. The 
advantage of the method is that it is rapid; it enables us to dispense with making a complete 
analysis of the situation such as would Ik* involved in writing down the equations of motion 
of a mechanical system, for example, but on the other hand it does not give as complete 
information as might lie obtained by <*arrying through a detailed analysis,’* p 17 

“The dimensional formula ne(‘d not even suggest certain (*s.sential aspects of the* 
rules of operation. For example, in the dimensional formula of force as mass times ueceli'ra- 
tion, the fact is not suggested that force and acceleration are vectors, and the components 
of each in the same direction must Ik* compared. Furthc*rmore, in our measurements of 
nature, the rules of operation are in our control to modify as we see fit , and we would certain- 
ly be foolish if we did not modify them to our advantage ar*cording to the particular kind 
of physical system or problem with which wi* an* dealing. W'e shall in the following find 
many problems in which there is an advanbige in choosing our system of measurement, that 
is, our rules of operation, in a particular w^ay for tin* particular problem Different systems 
of measurement may differ as to the kinds of quantity which we find it convenient to regard 
as fundamental and in terms of W'hieh we define the others, or they mav even differ in the 
number of quantities which we choose as fundamental. All will de|K*nd on the particular 
problem, and it is our business to choose the system in the w^ay lK*st adapted to the problem 
ill hand. 

“There is therefore no meaning in saying ‘the’ dimensions of a physical quantity, 
until we have also specified the system of measurement with respt*et to which the dimensions 
aix* determined. This is not alw'ays kept clearly in mind even by those wdio in other condi- 
tions recognize the relative nature of a dimensional formula," p. 24. The author holds that 
it is permissible, for instance, to make the dimensions of thi* temiK*rature the dimensions of 
energy if that is compatible with the physical facts (and it seems to Ik*) and if that seems 
advantageous. 

“I'his view' of the nature of a dimensional formula is directly opposed to one which is 
commonly held, and frequently expressed. It is by many considered that a dimensional 
formula has some esoteric significance connected with the ‘ultimate nature’ of an object, 
and that we are in some way getting at the ultimate nature of things in writing their dimen- 
sional formulas. Such a point of view sees something absolute in a dimensional formula and 
attat^hes a meaning to such phrases as ‘really’ independent, as in Kialxiuchinsky’s comments 
on Lord Rayleigh’s analysis of a (»ertain problem in heat transfer. For this point of view 
it becomes important to find the ‘true’ dimensions, and when the ‘true’ dimensions are 
found, it is expected that something new will be suggested alx>ut the phj'sical properties of 
the system. To this view it is repugnant that there should be two dimensional formulas 
for the same physical quantity. Often a reconciliation is sought by the introduction of so- 
called suppressed dimensions. Such speculations have been particularly fashionable with 
regard to the nature of the ether, but so far as 1 know, no physical discovery has ever follow- 
ed such speculations; we should not expect there would if the view above is correct," p. 24. 
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“My point of view is essentially that precisely the same experience which is demanded 
to enable us to say whether a system is mechanical or electrical is the experience which is 
demanded in order to enable us to make a dimensional analysis. This experience will in 
the first place inform us what physical variables to include in our list, and will in the second 
place tell us what dimensional constants are demanded in any particular problem,^' p. 50. 

“With regard to the dimensional formulas of dimensional constants, we may merely 
appeal to experience with the observation that all such constants are of the form of products 
of powers of the fundamental quantities. But it is evident on reflection, that any law of 
nature can be expressed in a form in which the dimensional formulas of the constants are 
of this tyf)e, by the device, already adopted, of introducing dimensional constants as factors 
with the measured quantities in such a way as to make the equation c;omplete. We will 
therefore assume that- the equations of motion (which are merely expressions of the laws of 
nature governing phenomena) are thrown into such a form that the dimensional constants 
are of this type; this is seen to involve no real restriction. It appears, therefore, that dimen- 
sional analysis is essentially of the nature of an analysis of an analysisy' p. 52. 

“We are to imagine ourselves as writing out the equations of motion at least in sufii* 
cient detail to be able to enumerate the elements which enter them. It is not necessary to 
actually write down the equations, still less to solve them. Dimensional analysis then gives 
certain information about the necessary character of the results. It is here of course that 
the advantage of the method lies, for the results are applicable to systems so complicated 
that it would not be possible to write the equations of motion in detail,” p. 52. 

“There are in engineering practice a large number of problems so complicated that 
the exact solution is not obtainable. Under these conditions dimensional analysis enables 
us to obtain certain information about the form of the result which could l)e obtained in 
practice only by exf)eriments with an impossibly wide variation of the unknown arguments 
of the unknown function. In order to apply dimensional analysis we merely have to know 
what kind of a physical system it is we are dealing with, and what the variables are which 
enter the equation; we do not even have to write the equations down explicitly, much 
less solve them. In many cases of this sort, the partial information given by dimensional 
analysis may lx* combined with measurement on only a part of the totality of physical 
systems covered by the analysis, so that together all the information needed is obtained 
with much less trouble and expense than would otherwise be possible,” p. 81. 

“The methods of dimensional analysis are worthy of playing a much more imiMjrtant 
part as a tool in theoretical investigation than has hitherto lx*en realized. No investigator 
should allow himself to proceed to the detailed solution of a problem until he has made a 
dimc'nsional analysis of tlu* nature of the .solution which will be obtained, and convinced him- 
self by appeal to experiment that the points of view" embodied in the underlying equations 
are sound,” p. 88. 

Wilflet' D. Bancroft , 


Atoms. By Jean Pernn. Translated By D. LI. Hammick. Second English edilio7i’ 
cm) pp. xn-t231. New York: D. Van Nostrand Co., 19BS. Price: $2.60. The 
second English edition is based on the revised form of the eleventh French edition. 1 'he 
first French edition was reviewed eleven years ago ( 17 , 563) and the first German one ten 
years ago ( 18 , 451). In this edition the chapters are entitled: chemistry and the atomic 
theory, molecular agitation ; the Brownian movement — emulsions; the laws of the Brownian 
movement; fluctuations; light and quanta; the atom of electricity; the genesis and de- 
struction of atoms. 

“At very low' temperatures peculiarities, at first sight hard to explain, are observed 
with gases as well as with solids. Even at. the temperature of melting ice (273® absolute) 
the specific heat of hydrogen is only 4.75, and is thus distinctly lower than the theoretical 
value 4.97* The discrepancy is not great, but, as Nemst has justly pointed out, it lies in the 
direction absolutely irreconcilable with Boltzmann's results on rotational energy. Under 
his direction investigations have been carried out by Eucken at a very low temperature, and 
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have led to the surprising result that, Iwdow 50® absolute, the spt'cifie h(»at of hydrogen 
becomes 3, as with the monatomic gases! For other gasc‘s the specific heat at low temjiera- 
tures also falls below the theoretical value (though at much lower temperatures than hydro- 
gen), and in fact it seems probable that at sufficiently low temperatures till gases have the 
same specific heat as the monatomic gasc^s, namely 3; that is to say, th(* molecnih's, although 
not spherical, no longer by their impa<*ts impart to <‘ach other rotational <mergy comparaVile 
with their energy of translation,” p 73. 

“In short, each molecule of the air we breathe is moving with the velocity of a rifle 
bullet; travels in a straight line betwcn^n two impacts for a distance of nc^arly oik* ten-thou- 
sandth of a millimetre; is deflected from its courst^ 5, 000, 000, (xx) times per sc'cond, and would 
be able, if stopped, to raise* a particle of thist just visible under the microscope by its own 
height. There art* thirty milliard milliard molecules in a cubic centimetre of air, under 
normal conditions. Thrtx* thousand million of them placed side by side in a straight line 
would be required to make up one millimetre TwK‘nty thousand million must be gathered 
together to make up one thousand millionth of a milligramme.” p. 82. 

“The objective* r(*ahty of tht* molecules becomes hard to deny. At tht* same timt*, 
molecular movement has not be<*n inadt* visible. The Brownian mov(»ment is a faithful 
reflection of it, or, bettt'r. it is a molecular movem<‘nt in itself, in the same sense that the 
infra-red is still light From the point of vi(*w of agitation. th(*re is no distinction between 
nitrogen molecules and the visible molecules r<*ahst*d in the grain of an emulsion, which have 
a grammt* molecule* of the* ord(‘r of Hxxxx> te>ns Of course such grains are not chemical 
moh‘cules, in which all the c<)h(*sive for(*es are of the nature of those uniting the carbon to 
the four hydrogen atoms in methaiH*”, p 105. 

“If we could examine a solid body with a rnicroscoix* magnifMng 3X10’*’ time's the 
lK>dy would a|)p(*ar to us to be compo.si»fl of extremely d(*ns(* granules about two millimett?rs 
in diameter with a me*an distance of about twenty met(»rs Udwe'en them. . Matter 
IS porous and discontiniuuis to an exte'iit far lM*\ond our ex|X‘ctation. ‘ j) 161 

“In this conne'ction I should like to add a r<*niark with r(‘fe*rence to the fitrcugth of tht 
valency bond When at about 2fxx)®(\ the* duml>-beli-hke hydroge'n molecule is spinning 
without rupture fx'rpenehcularly t<» its axis with a frequency but littlr* less than a hundird 
thousand milliards of n*volutions |K*r second, it is obvious that the bond or union Ix'tw'cen 
the atoms must be resisting the cen trifug.nl force. -V union that would give the .same strength 
to a dumb-bell would have a tenacit> at least i,(xk) times that of stee*!, ’ p. 163. 

“It seems to me that, for aiiv given molecule, the probable* value for the time that 
must elapse before, undt*r the* sole influence of impacts, a (*ertain fragile condition will be 
reaclu'd must be smaller the more ofte*n the moleeaile rece‘ives imjiacts ]X‘r second. Further, 
supposing this fragile state to have* b(*f*n re*ach('d, the probable value fe>r the time required 
for a inedecule to receive the kind e>f impact e*apable of rupturing it must again lx* shorter 
the more* frequent the impacts. For this double mison, if rupture is to be ])rodiiced bv mol(*c- 
ular impact, it should occur more frequently (and dissociation should therefore becomt* 
mori* rapid) as the conci*ntration of (he gas increasts. 

“Since this is not the case, dissociation cannot lx* caused by impact. Molecules do 
not decompose by striking against each other, and we may say: The probability that any 
molecule uill be ruptured doen not depend upon the number of impactf^ it receireit. 

“Since, howx'ver, the rati* of dissociation dejx'nds largely on the temp(*rature, we are 
reminded that tern}x*ratiire exerts its influence by radiation as well as through molecular 
impact, and are fa(*f*d wdth th(* suggestion that the cause of dissociation lies in the visible 
and invisible light (hat fills, under stationary conditions, the isothermal (*nclosure wdicrein 
the moleculea of the gases under considerations are moving. The ettscntinl mechatnsm of all 
chemiral reaction is therefore to be sought in the action of light upon atowsf^ p. 164. 

TFi/i/cr /). Bancroft 

The Fundamental Processes of Dye Chemistry. By 11. K. Fierz- David. Translated 
by F.A. Mason. pp. xiv-\-240. New York: D. Van Nosirand Company^ 192i. 

Price: $6.00. 
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'The manufacture of synthetic colours has attained to such importance that it seems 
desirable to familiarize the rising generation of chemical technologists with the methods of 
production of the more important intermediates. With this end in view, I have attempted 
a description of these methods in a manner which may be helpful even to those unfamiliar 
with technical operations. 

"Azo colours form the largest section of artificial dyes, and in consequence most 
attention has been devoted to the preparation of the necessary intermediates. As, however, 
many of these intermediates are also used in the synthesis of other classes of dyes, such as 
Indigo, Azines, Thiazines, Aniline Black, Sulphur colours, and Triphenyl-methane dyes,, 
it may fairly be claimed that the field of synthetic colours in its essential features is covered 
by the present volume. 

“To complete the picture I have added recipes for a few dyes and included some 
general observations on the technique of dye manufacture. With only trifling exceptions 
the dyes dealt with can all be obtained from the intermediates described in the first portion, 
so that the student is enabled to obtain a clear view of the stages of development of a dye.'* 

“It has further been found that the manufacture of the intermediate products is far 
more difiicult than that of the finished colouring matters, and, in addition, the apparatus, 
and machinery needed for the intermediates occupies a far greater space than that required 
for the actual dyes. The Anthraquinone dyes, however, form an exception to this general- 
ization. With the exception of this last case it may be said that the ratio of the size of the 
installations and the num})er of workmen required for intermediates and dyes respectively 
is approximately as 3:1, or, in other words, a colour factory which has previously purchased 
its intermediates and now intends to make them itself must enlarge itself about fourfold. “ 

The chapters are entitled: sulphonations; nitrations and reductions; ehlorinations; 
oxidations; conden.sations; azo dyes; triphenylmethane dyes; sulphur melts; miscellane- 
ous dyes; summary of the most important methods; vacuum distillations in the labora- 
tory and in the works; notes upon the construction and use of autwjlaves; structural mate- 
rials used in dye chemistry; technical notes on works management; example of costing of a 
simple dye; analytical details. 

In several places, pp. 17, 55, 57, stress is laid upon the importance of etching the 
iron before starting reduction with iron and acetic acid. One wonders whether this is an 
indirect way of getting a little ferrous salt into solution. The layman is startled to read, p. 
55, that “dinit robenzenc is an extremely poisonous substance and quite as dangerous as 
prussic acid. The workmen who deal with it must always change their clothes and wear gas 
masks. The substance can even penetrate through the skin into the blood and causes acute 
cyanosis, a form of poisoning in which the lips of the patient become blue, the pulse weakens, . 
and frequently death 8ui>ervene8 after long illness. “ 

“On the works scale the introduction of chlorine and bromine into aromatic hydro- 
carbons is carried out almost exclusively by direct halogenation. . . . Benzene readily 
takes up chlorine in the presence of carriers; iron is the only catalyst of practical importance. 
In this case the best iron for the piupose is not cast iron but wrought iron, as it acts le^ 
vigorously,” p. 83. 

“Recently attempts have l>een made to facilitate the introduction of chlorine into 
the side chain by the use of ultra-violet rays from a IT viol lamp. This only succeeds, how- 
ever, when there is no trace of iron in the reaction mixture. Even the minute traces of iron 
in the quartz lamp, or in the porcelain vessels, or the dust of the factory containing iron 
rust, may cause serious disturbances,” p. 93. 

Wilder D. Bancroft 


L’ Evolution universelle. By Branislav Petronieidcs. 21X13 cm; pp. tnii-{^212. 
Paris; Filix Alcan ^ 1921. Price: 7. 30 francs. In the preface the author says that **al- 
though written by a metaphysicist, this book is intended as much for the ordinary readers 
and the scientific men as for the metaphysicist. The ordinary reader will find a clear state- 
ment of the chief facts of universal evolution; the scientific man will find a careful discus- 
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sion of the truth of these facts; while the metaphysieist will find a severe criticism of this 
discussion/’ 

The subject is presentcnl under three heads; the general bases of evolution ; inorganic 
evolution; organic evolution. In the last chapter on the laws of organic evolution there are 
given nearly sixty laws, whi<^h seems a liberal allowance. 

The author considers that there are four main hypotheses in regard to the origin of 
the world and all that in it is. “The first is the hypothesis of the eternity of things, according 
to w’hich the inorganic world is eternal and the organic spc'cies arc eternal and immutable. 
The metaphysical systems of Aristotle and Spinoza are typical representatives of this 
hypothesis. The second is the hypothesis of creation according to which the inorganic 
world and all living forms were created by God; but , once created, have remained immutable. 
This is the orthodox hyixithesis of the C,‘hurch, and th(* naturalists Cuvier and Agassiz are 
the liest known upholders of this view’ The third hypothesis is that of generalized spon- 
taneous generation, according to w'hi(di the inorganic worltl is the product of the transfor- 
mation of pure thought and living forms are the product of an immediate transformation of 
inorganic matter. The doctrine of Buddha is the only repres^mtative of this hypothesis for 
the inorganic world while many Greek philosophers— Anaximander, Empedocles, Epi- 
curus- -teach the Hjamtancous generation of all living forms regardless of their complexity. 
The fourth hypothesis is that of evolution, according to which the inorganic w’orld as it 
now exists has develofied from an original state quite different from the present one, w hile 
the living forms have arisen through the transformation of low’er into higher forms. Among 
the scientific men Laplace is the b<»8t known protagonist of evolution in the inorganic 
world; while Lamarck and Darwin occupy a similar position with. reference to organic evo- 
lution. Among the philosophers the outstanding figures are Kant for the inorganic* world 
and Spencer, Hartmann, and Bergson for the organic world. 

Wilder D Hahaoft 

Van Nostrand’s Chemical Annual for 1922. Edited by J, (\ Olsen. Fifth edilwn. 
WXIS ent; pp. xxh-^iHX). New York: I). Yuft Nostrami Conqmny. 1922. Price: $4M. 
“In the preface to the fifth edition the editor says; “In the preparation of the Fifth Issue 
of the Chemical Annual the attempt has Ix'en made to maintain the same degre(* of accuracy 
as has characterized the former editions. For this purpose a thorough search of the litera- 
ture has lieen made for new data on the comjiounds listed in the Annual, the most reliable 
constants only having l>een accepted. A considerable numlxir of compounds have lieen 
added to the table of inorganic and organa* comi>ounds, particularly the latter. The re(*ent 
expansion of the manufacture of organic comfiounds has added to our knowledge of some 
of these substances, particularly the dye intermediates. Many of these compounds in w’hich 
chemists are interest^^d could not be included bec*au8e their constants had not been deter- 
mined or published. Molecular and atomic weights have been recalculated in accordance 
with the latest table of atomic weights. • 

“A careful search was also made for new and useful tables to be added to the list 
already published. Alxiut 46 new’ tables have been found w’hich are believed to ba reliable 
and of general interest and have been included in this issue. These include a number of 
tables of ionization of acids and bases, a number of tables giving very complete lists of the 
chemical and physical properties of some of the chemical elements, a numl^er of new specific 
gravity and solubility tables as well as some new vapor tension tables.” 

Wilder D. Bancroft 

Bzplosivstoffe. By H. Brunswig. Second revised edition. 25X16 cm] pp. 

Leipsig: Johann Barth ^ 192S. The first part deals with the general behavior and the second 
part with the special behavior of explosives. The chapters are entitled : conditions on which 
explosions depend; rate of explosions; explosion pressure; explosion temperature; explo- 
sion flame; explosion shock; changes of state of explosives; detonators; propellants; 
blasting explosives; use and treatment of explosives. 
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An explosion necessitates a sudden increase of pressure which means that at least 
one of the reaction products shall be a gas or a vapor. Since a high reaction velocity is 
ncHjessary, an exothermal reaction is more likely to speed up sufficielnty than an endothermal 
one; but this is not essential. Ammonium nitrate absorbs a large amount of heat; but the 
change in volume is enormous. The reac^tion of oxyhydrogen gas to form water means a 
decrease in volume at constant temperature; but the heat of reaction is sufficient to make 
the mixture an explosive one. 

There is no close relation l)etween the heat of reaction and sensitivity because acety- 
lene js not tremendously sensitive and ammonium hydronitride is; but, in many cases, 
sensitiveness increases with the heat of reac‘tion. Adsorption of liquids like water, methyl 
jilcohol, acetone, glycerol, vaseline, and the fatty oils decreases sensitiveness very much, p. 
12. As is to be expected, a rise of temperature increases the semsitiveness and the effect of 
friction is to lie attributed chiefly to the heat generated thereby, p. 21. Wohler attributes 
the specific action of detonators chiefly to the high pressures produced, p. 2.^. 

The effect of a heated wire in igniting explosive mixtures of fire damp is complicated 
by catalytic action, a copper win* being less effective than a platinum one and more effective 
than an iron one, ]). 41. No exiK*riment8 seem to have been made on any poisoning action 
hy carbon monoxide. The explosion flame, p. 109, may Ik* composed of a primary flame due 
to the explosion and a secondary one due to the burning of (*ombustion material scattered 
hy the explosion. Black powder gives a long primary flame and ammonium nitrate a short 
one. Picric acid gives a short primary flame and a large secondary one. By adding salt 
to picric acid the secondary flame can be eliminated, though there is an incTease in the pri- 
mary flame, p. 1 13. P'or mines where there is much fire damp, only those explosives should 
be used which give a short primary and no secondary flame. 

There is an interesting account, p. 143, of the development of black powder, which 
the author considers as an outgrowth from Greek fire through the fireworks stage. For six 
hundred years black powder was the only projiellant and the gelatinized, smokeless powders 
do not run back fifty years. In 1882 Kcid and Johnson made a partially gelatinized nitro- 
cellulose powder for sporting purpose*^ and in 1884 von Duttenhofer made the first gelatin- 
ized powder for military' uses, p. 145. It is claimed that lightning will only set the gelatin- 
ized powders on fire and will not cause them to explode, p. 148. 

Nitrogelatine consists of nitroglycerine converted into a solid jelly by the addition of 
small amounts of a special colloid wool which is peptized by nitroglycerine, though the word 
peptization does not occur in the l)ook and the author evidently believes that in most cases 
we are dealing with true solutions at some stage. 

Chedditc consists usually, p. 183, of 79% potassium chlorate, i % nitronaphthalene, 
16 % dinit rotoluene, and 5% castor oil. The nitrocompounds are first dissolved in the oil 
by warming and the finely powdered chlorate is mixed intimately with the still warm solu- 
tion. Permonite is a mixture of ixitassium perchlorate, ammonium nitrate, sodium nitrate, 
trinitrotoluene, flour and sawdust, gelatinized with glue and glycerine. 

A good explosive is obtained when liquid air, enriched to ninet}' percent oxygen, is 
taken up by cork charcoal and some yietroleum paraffin, or naphthalene is added, p. 187. 
‘Tresh liquid-air cartridges arc characterized by a power of action second to none. This 
high explosive power does not last long and after fifteen to thirty minutes the liquid air 
evaporates from the cartridge and then there is no explosive left.’’ 

When breaking ice in the Rhone river, it was not sufficient to cut grooves in the ice 
a meter long and 4.5 cm. di;ep and to fill those with dynamite. The explosion gave rise to 
long cracks but did not shatter the ice, p. 189. ‘'Vertical holes, 8-10 cm in diameter, were 
bored in the ice and dynamite cartridges containing 17-30 grams of explosive were stuck 
through the holes to points about 70 cm below the surface of the ice. Working in this way 
it was easily possible to shatter a surfacie of fifty thousand square meters of ice per day.” 

The beneficial effect of legislative restrictions in regard to storage and handling of 
explosives is seen clearly in England where the percentage of workmen injured dropped 
in twenty years from four to one although the number of workmen rose from two thousand 
to six thousand, p. 190. Wilder D. Bancroft 



THE SUPERSATURATION OF GASES IN WATER AND 
CERTAIN ORGANIC LIQUIDS* 

BY JOHN METSCHL^ 

All previous work regarding the supersaturation of gases in liquids may be 
summarized in a few references. The earliest experiments concerning the 
evolution of gas bubbles were probably made by Oersted.® Later C. F. 
Schoenbein^ published an accurate account concerning the supersaturation 
of gases in aqueous solutions and advanced some rational explanations as to 
the cause of the evolution of gas bubbles. The term “supersaturated” as 
applied to gases in water was no doubt first used by D. Gernez®. 

The action of solid bodies upon supersaturated gaseous solutions was in- 
vestigated in a qualitative way by Charles Tomlinson,® F. C. HenricF and H. 
Schroder.® The latter also observed that a sharp and sudden blow upon the 
walls of the vessel containing the supersaturated solution was apt to cause an 
evolution of gas due to the momentary decrease of pressure. According to V. 
Rothmund,® Cagniard-Latour*® had at an earlier date found the same to be 
true, and in addition noted that vibratory sounds caused the formation of 
bubbles of gas in supersaturated solutions. 

Very little has been done in a quantitative way in respect to gaseous super- 
saturation. Practically the only investigations in this field were made in 
recent years by A. Findlay” and his co-workers who studied the rate of evolu- 
tion of carbon dioxide from supersaturated solutions under the influence of 
colloids and suspensions. 

The object of the present investigation was (i) to construct an apparatus 
by means of which various gases could be dissolved in water and organic 
liquids under pressures ranging from one to five atmospheres, (2) to saturate 
these liquids with gas at a pressure higher than one atmosphere, then reduce 

• Contribution from the Laboratories of General Chemistry of the University of 
Wisconsin. 

*The work included in this paper is from the thesis presented by John Metschl in 
{>artial fulfilment of the requirements for the degree of Doctor of Philosophy at the Univer- 
sity of Wisconsin. The subject of this research was suggested by Professor James H. Walton 
and the investigation was conducted under his direction. 

•Oersted; Qehlen’s J. Chem. und Physik, 1, 27 (1806). 

• Schoenbein: Pogg. Ann., 40 , 382 (1837). 

•Gemez; Compt. rend., 68, 883 (1866). 

• Charles Tomlinson: Phil. Mag., [4134, 136, 229 (1867); 45 , 276 (1873). 

’ F. C. Henrici: Pogg. Ann., 147 , 555 (1872). 

®H. Schrdder: Pogg. Ann., 137 , 76 {1869); Erganzungsband 5 , 87 (1871). 

® V. Rothmund: “LOslichkeit und LOslichkeitsbeeinfluessung,'’ 13 (1907). 

^ Cagniard-Latour: Ann. chim, phys., (ii) 56 , 252 (1834). 

“A. Findlay and G. King: J. Chem. Soc., 103 , 1170 (1913)1 RIS, 1297 (1914); A. 
Findlay and O, R. Howell: J. Chem. Soc., 121, 1046 (1922). 
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the gas above them to atmospheric pressure and by shaking out and measuring 
the volume of the gas which remained in the liquids in a supersaturated condi- 
tion, determine the amount of supersaturation for the various pressures. 



Apparatus 

The apparatus shown in Fig. i was designed for the purpose of saturating 
the liquids at various pressures. This apparatus was rendered gas tight only 
after several months of experimentation. Each valve and connection is an 
individual problem in itself, consequently the apparatus is described in detail. 

ilf is a steel cylinder which formerly had been an oxygen tank such as is 
used by dentists in connection with the adminstration of nitrous oxide. The 
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original valve on the tank was removed and replaced by the connections and 
valves shown in the drawing. These will presently be described. Into the 
cylinder 900 cc. of purified mercury was placed, the total volume of the tank 
being about 1400 cc. 

L is a Crane, quick-opening, high-pressure steam valve having a bronze 
body and stem, the latter tKung fitted with a fiber seat. 

n is an iron tube of about 5 mm. diameter which passes through the 
mercury at N and comes within 5 mm. of the bottom of the steel flask Af. 
This tube ends at its upper part in the iron bushing J, where it communicates 
with the valves E and // by means of an iron 

The valves E and // are remodeled, high-pressure steam valves having 
cast steel bodies and mild st c'el stems fitting into cast iron seats. One of these 
valves is shown in section in Fig. 2. 



Fig 2 

Tube Valve Seale 4/ it) 


F is an iron cap screwed ujion a pipe of the same metal. 

G is an open manometer composed of sections of barometer tubing. At 
its lower end the manometiT is held in place in the ciij) of the valve E by means 
of marine glue.^ The total height of the manometer wa.s about 10 meters. 
The mercur}^ column was read by means of meter sticks fastened along side 
the barometer tubing; the tubing and sticks all being mounted upon a board 
which extended the entire length of the manometer. 

CD is semi-fl(^xil)le, seamless, copper tubing having an internal diameter 
of about 1.5 mm. It serves to connect the cylinder M with the carbon dioxide 
tank B. 

P is an S-shapod tube of steel such as is used in liquid air apparatus. Its 
internal diameter is 2.5 rnm. It is attached to the inside of the cup of the 
valve H by means of marine glue and to the iron cylinder R by means of a 
threaded end. 

Q is a graduated Pyrex combustion tubeio2 cm. in length with walls 3 mm. 
thick and a bore of 13 mm. The tul)e was held in place in the cylinders R and 
Ri by means of marine glue. A condensing jacket, not shown in the drawing, 
surrounded the tube. Water from a thermostat was circulated through this 
jacket by means of a centrifugal pump so that the temperature of the tube 
was the same as that of the pressure flask h, 

' The ^ ^marine glue" used in this investigation was of the kind employed for water- 
proofing the oanvas in canoe bottoms. 
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/, //, ///, IV and V are needle valves, the “needle*' or stems of which were 
tapered and which fitted into conical seats. Their construction is shown in 
detail in Fig. 3. As mercury was apt to come in contact with valve 11 the 
latter had all parts made of steel. Valve V was subjected to the action of 
liquids and gases; to eliminate corrosion it had a monel stem and a brass body. 
The rest of the valves had brass bodies and steel stems. 

The tubing between Ry and valve II was also steel, while the connections 
between the rest of the valves were of seamless copper tubing having an inter- 
nal diameter of about 1.5 mm. 

The whole system of valves, together with the tube Q and the cups R and 
Ri was screwed to a wooden support as shown. 

Connection between valve IV and 
the socket PP was made by means of 
semi-fiexible brass tubing having an 
internal diameter of 2 mm. The tubing 
was bent in the form of a spiral and had 
a total length of about 1.5 meters. 
Tubing in this form and of this length 
readily permitted the pressure flask h to 
be shaken in a horizontal position by 
means of a suitable shaking device. 

Liquids to be supersaturated were 
placed in the flask h which had a capac- 
ity of approximately 140 cc., and which 
was made of well annealed glass with a 
very smooth internal surface. Flasks of 
this kind may be obtained from dealers 
in scientific apparatus in whose catalogues they are described as “pressure 
flasks." 

The flasks used in these experiments had a threaded brass cap fitted to the 
neck, the cap being held to the glass by means of a low-melting alloy the 
composition of which is given^ in George H. Woollatt's “Laboratory Arts." 

The alloy is made by melting together: 


Bi 

40 parts 

Pb 

20 

tf 

Sn 

10 

fi 

Cd 

10 

It 

Hg 

15 

tt 


Fig. 4 shows the manner in which the brass cap was attached to the neck 
of the pressure flask, while Fig. 5 shows the flask screwed into its socket. 

T is a glass drying tube about a meter in length containing PiOs and loose 
glass wool. 

Teacher’s Handbook,” 139 (1918). 
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Fig. 3 

Needle Valve Scale 4/7 
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S is a glass tube containing glass wool, its purpose being to remove the 
particles of P2O6 which might be carried along by the gas as it passes through 
T. 

m is a U-tube filled with small lumps of pumice-stone saturated with con- 
centrated sulphuric acid. The purpose of this tube was to remove the greater 
part of the water from the gas before the latter entered the tube containing 
the phosphorous pentoxide. 
is a two-way stop-cock. 

W is a wash bottle containing concentrated sulphuric acid. 

X is a trap to prevent large amounts of water from entering the drying 
apparatus from the pneumatic trough Z, 

Cl is a burette used to measure the volume of gas shaken out of the super- 
saturated liquids. 

d is a leveling tube. 'The burette and leveling tube contained mercury 
over which the gas was collected. 

The source of the gas used was attached at 

All metal joints from which gas was apt to leak were soldered, while unions 
of glass to glass, and glass to metal were made tight by the use of marine glue. 

Determination of Supersaturation 

In making a supersaturation determination the procedure was as follows: 

The valves L, III, IV, and V were closed, while E, H, I and II were open. 
The valve upon the carbon dioxide cylinder B was then slightly opened by 
turning the handle A. Carbon dioxide now entered the cylinder M through 
D. The pressure of the carbon dioxide above the surface of the mercury N 
caused some of the latter to ascend the iron tube n and enter the iron ^*T^^ 
where the column of mercury divided, one portion ascending the open manom- 
eter G, while the other portion entered the pressure tube Q through the iron 
tube P. 

As soon as the meremry had filled about 5 cm. of the tlibe Q the pressure 
from the carbon dioxide tank was shut off by closing the valve A. Since the 
manometer G, and the tube e were open to the atmosphere the levels of the 
mercury in G and Q were the same. 

When the levels of the mercury in the tubes G and Q had become equal, 
the valve 1 / was closed. A “Hyvac’’ oil-pump was now attached to e and the 
space above the mercury in Q exhausted. The evacuation usually was carried 
on for about half an hour. During the evacuation the valve III was frequently 
opened and closed so as to admit some of the gas from the gas jar U into the 
systiim, the object being to sweep out any foreign gas from the tubes and 
valves. 

To be reasonably certain of removing foreign gas from the tubes and valves 
it was customary to pass some of the gas to be exi)erimented with, through the 
system by attaching the gas generator at 0 and passing gas through for about 
an hour before the tube Q was evacuated. This procedure was, however, only 
resorted to when the gases were changed during the course of the investigation. 
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The next step was to close valve / and transfer the connection of the oil 
pump from e to a. The pressure flask h containing the desired liquid was then 
screwed into its socket PP. The attached flask was now placed into a can of 
hot water, and the oil pump started, the valve V being open, but IV being 
closed as before. The purpose of this part of the procedure was to boil the 
liquid in the flask h under reduced pressure so as to remove gases dissolved in 
it. After ebullition had gone on in this manner for ten to fifteen minutes, the 
valve V was closed and the connection of the oil pump detached from a. The 
pressure flask was then placed into the horizontal shaking device in the ther- 
mostat and its contents allowc^d to assume the temperature of the bath which 
was 2 5®C. in all cases. 

Valve II was next closed, and valves IV and III opeTied, valves I and V 
being clo.sed as before. Gas now entered from U into the pressure' flask H 
which was shaken in order to saturate the liquid contained therein at atmos- 
pheric pressure. As the gas c'ntered the pressure flask the water rose in the 
gas jar U. In order that the liquid in the pressure flask be saturated with the 
gas at atmospheric pressure tlu' water levels in U and Z were kept the same 
during the absorption process. 

After the absorption of gas by the liquid contained in h had ceased, valves 
II and II were opened. Tb(‘ gas in tlu' whole system was now under the pre- 
vailing atmos[)heric pressure, and the mercury lev('!s in G and Q wen' the 
same. These levels were reconh'd as was also the barometric pressure. After 
this valve III was closc'd. 

All was now in readiness for tlu' .saturation of the liquid in h und(*r pressure. 
This was accomplished by slightly opening the valv(' A on the carbon dioxide 
cylinder B, whereupon the mercury in G and Q began to ascend. As the mer- 
cury rose in Q it compress(*d the gas above it and forced some of it into the 
liquid contained in the pressure flask. Throughout this procedure the pressure 
flask was vigorously shaken in tlu' thermostat, and water from the latter was 
caused to flow through the glass jackc't surrounding the pressure tube Q. 

When the d('sired pressure' had been attained, the valve A was closed and 
the shaking of the flask continued until there was no further change in the 
mercury levels in the tubes G and Q. The'se levels were then recorded. Obvi- 
ously the difference in level between G and Q gave the pn'ssure upon the sur- 
face of the liquid in h. The absolute pres.sure in h was obtained by adding the 
barometric pressure to the above difference in level. 

The shaking of the flask was next stopped and the valve IV closed. The 
end of the tube a was inserted into a small vessel of water to a depth of about 
2 mm, and the valve V opened. The gas above the liquid in h now escaped. 
When it ceased to come off, as could be ascertained whc'ii no more bubbles 
were formed in the water from the tube a, connection was made by means of a 
thick-walled, short piece of rubber tubing of small diameter with the tube b. 

The shaker was again started and the gas which was in the liquid of the 
flask h in a supersaturated condition was shaken out and its volume determined 
in the burette Ci. 
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Since the total volume of the flask h was known it was easy to find the 
volume of the liquid which had been previously boiled under reduced pressure 
and then saturated with gas at the higher pressure. 

It was only necessary to fill up the flask from a burette with the same kind 
of liquid which had been used in the experiment, and subtract the volume 
added from the total volume of the flask. From this and the foregoing data 
the amount of supersaturation per unit volume of the liquid could be ascer* 
tained. 

To make the next supersaturation determination with the same kind of 
gas was comparatively simple. The valve L was opened for a short time so 
that some of the carbon dioxide in the cylinder M escaped. This caused the 
mercury in the tubes G and Q to descend and when the valve III was opened, 
gas from U was drawn into the system. 

By suitable manipulation of the valves a wide range of pressure can be 
brought to bear upon the liquid in the pressure flask. The only limits to the 
amount of pressure which can be applied are the strength of the various com- 
ponents of the apparatus and the pressure in the carbon dioxide cylinder 
itself. 

Following is an example of how the data for each determination were 
recorded : 


Method of recording Data 


Date. April, i8th, 1923. 

Temp. Room. 27°, 5 C. 

Gas used. Nitrogen. 

Liquid used. Ethyl alcohol, 98^^ by wt. 
Vapor press. 


C*H 50 Hat 27 °..:;(l f 


68 mm 


Total vol. of press, flask {h) 
cc. C2H5OH added to flask after | 
experiment ( 

Manometer {G) road, at end of exp. 
Manometer read at start of exp. 

No. of mm. of Hg on Manometer 

Tube (Q) read, at staii of exp. 

Tube read, at end of exp. 

No. of mm. of Hg on tube 

No. of mm. of Hg on Manometer 
No. of mm. of Hg on Tube 
No. of mm. of Hg on Liquid 
Barometric pressure 
Absolute press, on Liquid 


139.44 cc. at 2 5®C. 

42.20 

97.24 cc. C2H5OH used in exp. 

1513 mm. 

98 m m. 

1415 

768 mm. 

148 mm. 

620 

1415 

620 

795 =p 

741 mm. 

1536 mm. 
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Burette (Ci) read, at end of exp. 16.90 cc. 

Burette read at start of exp. o . 80 

Vol. of gas shaken out 16 . 10 cc. 

Vol. of gas per 100 cc. of C^HsOH* X 100 = 16 . 55CC. at 768 mm. 

97-24 ^ and27^5C. 

Vol. of gas per 100 cc. of C2H6OH at 760mm. and 0 ®C. = 13 .31CC. = V 

v/p= lLli = o. 01674. 

795 

The letters A, G, Q and Ci in the above table refer to the corresponding letters 
in Fig. I with which the apparatus in question is denoted. 

Experimental 

The Supersaturation of Oxygen in Water 
The supersaturation of oxygen in water had previously been observed by 
A. H. GilP and C. A. Seyler^. 

It was thought of interest to investigate the supersaturation of oxygen in 
water and other liquids to a greater extent with the apparatus previously 
described. 

The oxygen used was of the kind which can \ye obtained in a compressed 
state in steel cylinders. It had been made by the Linde process and was about 
97% pure. However^ some determinations were made also with oxygen 
obtained by dropping distilled water upon sodium peroxide. No difference 
could be observed in the oxygen from these two sources in the course of the 
determinations. 

C'Onductivity water was used in these experiments. 

Table I 


Supersaturation of Oxygen in Water 


Vol.H^O 

V0I.O2 

Vol.O*/ 


Vol.Os 

Press. 

Abs. 


(T. 

Shaken 

out CO. 

IOO(*C, 

H./) 

Std. Cond. 
cc. = V 

Man. mm. 

P 

P' 

mm. 

V/P 

98.23 

0.88 

0.90 

24.5 

0,78 

224 

969 

0.00347 

94.74 

1.25 

I 32 

25.0 

1 .14 

337 

1079 

0.00338 

97.25 

1 .90 

I 95 

24.0 

1 .69 

476 

1216 

0.00355 

98 . 20 

2.70 

2.75 

25-5 

2.38 

732 

1474 

0 00325* 

97.80 

4.3s 

4.45 

25,0 

3 85 

1036 

1777 

0.00372 

98.64 

5-90 

5.98 

23.0 

5.26 

1547 

2293 

0.00340 

97.84 

7-95 

8.13 

23.0 

7.14 

2088 

2833 

0.00342* 

97 99 

10.15 

10.35 

20.0 

9.09 

2687 

3421 

0.00338* 

98 . 13 

IX . 33 

ii-SS 

20.0 

10.13 

2962 

3695 

Av. 

0.00342 

0.00344 

‘^Indicates determinations made with 

water. 

oxygen obtained from 

sodium peroxide and 


* A. H. Gill: J. Anal. App. Chem., 6, No. ii. 

* C. A. Seyler: Chem. Nows, 67 , 87 (1893). 
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S26 = 2 . 83 Winkler, from tables in Landolt-Bornstein. 

S26 = 2 . 00 Bohr and Bock, from tables in Landolt-Bdrnstein. 

S26 = 2 . 60 From supersaturation data. 

The figures in the first column of Table I give the volume of water in 
the pressure flask h (see Fig. i) which was saturated with oxygen at the higher 
pressure. 

The volume of oxygen shaken out of the water in the pressure flask, after 
the pressure in the latter had been reduced to atmospheric, is given in the 
second column. Temperatures at which these volumes were measured in the 
burette Ti (see Fig. i) are given in the fourth column. 

In the third column is the volume of oxygen shaken out of 100 cc. of water, 
at the temperature indicated in column four. The values in column three 
were obtained from those in columns one and two. 

The fifth column gives the volumes of column three reduced to standard 
conditions of temperature and pressure. 

Pressures indicated by the manometer G (see Fig. i) are given in the sixth 
column. Thes(' values indicate the piessure at which the liquid in the pressure 
flask was saturated. 

(Column seven gives the absolute 
pressure at which the liquid in the pres- 
sure flask was saturated, that is, these 
values represent the pn^ssure of the 
manometer plus the barometric pressure. 

The ratio of the values in columns five 
and six are reprcs('nt(»d in the eighth 
column. 

The values in columns five and six 
were plotted to form the oxyg('n-water 
graph shown in Fig, 6. 

825 represents the volume of gas 
absorbed in 100 cc. of liquid at 2 5^C., and 
760 mm. according to the given observer. 
This value represents the Bunsen 
absorption coefficient multiplied by one 
hundred. 

Supersatumtioy^f Oot Water represents the volume of gas shaken 

out of the supersaturated gaseous 
solution at 2 5®C., when the pressure upon the solution had l>een reduced from 
760 mm. to atmospheric pressure. The value for S25 was obtained by plotting 
the data of columns five and six upon larger sized co-ordinate paper than shown 
in Fig. 6, and reading off the volume of gas shaken out which corresponded 
to a pressure of 760 mm. It must, however, be remembered that the value 

S26 gives the volume of gas shaken out when the absolute pressure above the 

solution really amounted to two atmospheres, but when the pressure was 
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reduced to one half of this amount the volume indicated by ^25 could shaken 
out, while the gas dissolved at one atmosphere remained in solution. 

The graph in Fig. 6 shows that the volume of oxygen shaken out of 100 cc. 
of water — or the supcu-saturation — is approximately proportional to the 
pressure at which the water was saturated. 

With greater r(»finements of measurements and more careful methods of 
manipulation it is probably that the above suporsaturation measurements 
could be used for determining the solubility of some gases in liquids at higher 
pressures. 

Supersaturated solutions of oxygen in water appear to possess considerable 
stability. When the experiments in this connection w(Te first begun it was 
thought that the pressure above th(‘ water had to be n^leased very gradually 
.so as not to disturb the metastable solution below. Consequently the* gas 
was released so that all above the solution came off in 15-20 minutes. This 
method was inconvenient and consumed a good deal of time. Determinations 
were then made in which th(^ valve upon the pressure flask was opened wide 
so that all of th<‘ gas escaped in a few .seconds. No apparent differences in the 
final results could be detected wdien th(‘ supcTsaturated solution was shaken 
to measure the volume of oxygen given off. Only at the higher pressures 
indicated in Table I, in somi' cases could a few* bubbles lx* observed rising 
out of the water when the pressure was suddenly releas(xl. But this was the 
exception rather than the rule. Effervescence^ was in no instance observed. 
Neither did the gas appear to come off siiontaneously from the^ w^itc'r after 
the pressure above it had Ix'cn rcdeasexl. 

This could be shown in the following manner: A\'h(‘n th(' d(\sired pr(\s.sure 
in the flask had been obtained, the comuTtion from valve (Fig. i) w^as 
inserted for a distance of about 2 mm. in water previously saturat(‘d wnth 
oxygen. Then valve V w^as qui(‘kly opened to its fullest ext(*nt allowing the 
gas above the water in the flask to come out with a rush. A period of (piiet 
ensued. No bubbles formed at the end of the connection in the w^ater indicat- 
ing that very little, if any gas, w^as coming from the surface of the supersatur- 
ated solution. Even after an interval of 5-10 minutes no bubble formation 
could be noticed. To borrow a phrase used by Findlay* supersaturated .solu- 
tions of oxygen in water probably have a considerable “period of quiescence”. 
No doubt, if the pressure had been increased sufficiently the period of quies- 
cence could have been reduced, but it was not convenient to inv(»stigate this 
farther at the time. 

The relative stability of the supersaturated oxygen in water solution could 
be shown in a still more striking way. The pressure flask containing the 
metastable solution could be unscrew^ed from its socket without exercising 
extraordinary care with regard to the sensitiveness of the solution. The 
bottom of the flask could be bumf)ed again.st the table, or the sides could be 
rapped with a block of wood but as long as the surface of the liquid remained 


Findlay: loc. cit 
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unbroken no bubbles of gas could be seen to be evolved out of the solution. 
Only upon shaking the flask so as to break the surface of the liquid could num- 
erous fine bubbles of gas be caused to rise out of the solution, but as soon as the 
shaking stopped the bubble formation also soon ceased. The shaking had 
to be continuous and prolonged if all the supersaturated gas was to be ob- 
tained from the water. The length of time during which the oxygen remained 
in contact with the water while under pressure apparently did not influence 
the results. In the earlier experiments all solutions were kept in contact with 
the oxygen for fifteen minutes before the pressure was released. Later the 
same results were obtained when the solution was shaken as soon as the manom- 
eter showed that equilibrium was established, which was two minutes at the 
most. Neither were any differences detected after the solution was allowed 
to stand in contact with the gas for an hour. 

The Supersaturation of Oxygen in Carbon Tetrachloride 

As far as could be ascertained no experiments have been made using organic 
liquids as solvents in the study of gaseous supersaturation. Accordingly this 
phase of the problem was investigated to a limited extent. 

The carbon tetrachloride used was obtained from L. B. Parsons of this 
laboratory who employed the same kind in his study of the reactions between 
dry reagents. It was of the C. P. variety and had been allowed to stand three 
months in contact with sticks of pota^ium hydroxide before distillation. The 
oxygen used was of the kind which is sold compressed in steel cylinders. 

Table II 


Supersaturation of Oxygen in Carbon Tetrachloride 


Vol. CCl, 

V0I.O2 

V0I.O2/ 


V0J.O2 

Press. 

AI> 8 . 


<;c. 

Shaken 

100 ce. 


Std. Cond. 

Man. mm. 

P' 

V/P 


out cc. 

CCI4 


cc, *V 

P 

mm. 


96.44 

5-95 

6.17 

24*5 

4.68 

168 

906 

0.0278 

98.44 

18.60 

18.89 

24.0 

14.39 

488 

1226 

0.0295 

95-79 

29.50 

30.79 

24.5 

23.34 

757 

1495 

0.0308 

96.04 

29.70 

30.92 

26.0 

23-36 

783 

1530 

0.0298 

94.84 

41 .00 

43*23 

24.0 

32-93 

1160 

1898 

0.0284 

9.5 • 54 

41 .40 

44*25 

21 .0 

34-92 

1217 

1939 

0.0287 

97.24 

44*10 

45*35 

23*0 

35-38 

1232 

1979 

0.0287 

95-29 

48 . 80 

51.21 

23.0 

39-95 

137s 

2122 

0.0291 

96.64 

66 . 10 

68.39 

20.0 

54.66 

1792 

2534 

0.0305 

95-64 

96.80 

loi .20 

26.5 

74-63 

2489 

3224 

0.0300 


Av. 0.0283 

825 = no data available for 25^0. 

S26* 22 . 5 from supersaturation data. 


The data from columns five and six were used in plotting the graph shown 
in Fig. 6. 
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All values for the corrections for vapor tension which were applied for the 
reduction of the gas volumes to standard conditions were taken from the tables 
in Landolt and Bomstein. 

Because of the large volume of gas which was shaken out of the carbon 
tetrachloride at the higher pressures it was impractical to make more deter- 
minations at more elevated pressures since the burette in which the gas was 
measured proved to be too small. By using approximately half the volume 
of carbon tetrachloride than had been used as shown in the data of column 
one, the ratio V/P dropped to values ranging between 0.0219 and 0.0258. 
This seems to indicate that some relation exists between the volume of solvent 
and the amount of gas it can retain when the system is supersaturated. This 
phase was not farther investigated. 

The Supersaturation of Oxygen in Ethyl Alcohol 

The alcohol used had Ix^en treated with metallic sodium previous to distil- 
lation. It had a specific gravity of 0.7992 at i5°C., which corresponds to 
about 98% ethyl alcohol by weight. The oxygen was from the same source 
as in the preceding experiments. 


Table III 

Super saturation of Oxygen in Ethyl Alcohol 


Vol. Ale. 
ec. 

Vol.Oa 
iShaken 
out cc. 

V0I.O2/ 
100 cc. 
Ale. 

t"(\ 

Vol.Oa 
Std. Cond. 
cc. ~ V 

Preas. 
Man. mm. 
P 

Abs. 

P' 

mm. 

V/P 

97-94 

13 -So 

14.09 

26.0 

11.54 

464 

1209 

0.0249 

96.99 

20.70 

21.34 

27.0 

17.29 

691 

1434 

0.0256 

95-89 

37 00 

38.58 

27 .0 

31-26 

1267 

2010 

0.0247 

95-94 

SI 00 

53.16 

27 .0 

43.08 

1644 

2387 

0.0262 

96.84 

52.90 

54.62 

26.0 

44-74 

1738 

2483 

0.0257 

97-84 

77 .00 

78 -73 

26.0 

64.49 

2476 

3221 

0.0260 

95-99 

79.10 

82 .40 

26.0 

67.99 

2654 

3404 

0 0256 


Av. 0.0255 


Sj«»= 19.94 for 99.7% alcohol at 24°C. Timofejew; Z. physik. Chem., 6, 151 
(1890). 

S25« 19 . 5 from supersaturation data. 

The data in columns five and six were plotted to obtain the alcohol- 
oxygen graph in Fig. 6. 

The Supersaturation of Oxygen in Acetone 

The acetone used was of the C. P. variety and stood over anhydrous 
copper sulphate two weeks before it was distilled. The oxygen was obtained 
from the same source as in the previous experiments. 
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Table IV 


Supersaturation of Oxygen in Acetone 


VoL Acet. 

V0I.O2 

Vol.Oa/ 


Vol.Og 

Press. 

Abs. 


cc. 

Shaken 

100 cc. 

t'^C. 

Std. Cond. 

Man. mm. 

P' 

V/P 


out cc. 

Acet. 


CC.-V 

P 

mm. 

88.94 

13.80 

15-51 

22 . S 

10.38 

398 

1149 

0.0261 

94.64 

24.90 

26.31 

24.5 

16.86 

676 

1427 

0.0249 

94-79 

44.80 

47.26 

23 -5 

30-85 

1164 

1914 

0.0265 

94.62 

64.70 

68.38 

24.0 

43-24 

1579 

2318 

0.0274 

94.44 

87.40 

92 54 

25-5 

56-44 

2097 

2836 

0.0269 

92 .29 

100.00 

0 

00 

0 

26.0 

65-30 

2364 

3102 

0.0276 


Av. 0.0266 


826=19*48 Levi: Gazz. chim. ital., 31 , II, 513 (1901). 

S25= 20.0 From supersaturation data. 

It should be mentioned that determinations made at the higher pressures, 
particularly the one at 2364 mm., that the oxygen came out of the super- 
saturated solution at an appreciable rate as soon as the pressure upon it was 
released. At the above mentioned pressure the gas came off at the rate of 
4 cc. per minute without shaking the pressure flask. 

The Supersattiration of Nitrogen in Water 

Nitrogen was obtained by a method used by Just^ in his solubility deter- 
minations. (Conductivity water was used as in the case of the experiments 
with oxygen and water. 


Table V 


Supersaturation of Nitrogen in Water 


V0I.H2O 

Vol.N^ 

Vol.N,/ 


V0I.N2 

Press. 

.Abs. 


cc. 

Shaken 

100 cc. 

t'C. 

Std. Cond. 

Man. mm. 

P' 

V/P 


out cc. 

1120 


cc. = V 

P 

mm. 


92 .64 

1 .20 

I 30 

28.0 

1 . 10 

584 

1325 

0.00189 

96 74 

1 .80 

1.86 

26.5 

1.59 

899 

1639 

0.00177 

92 .64 

2 ,00 

2 . 16 

10 

00 

b 

I .84 

914 

1655 

0.00201 

98 - 54 

T 80 

I 83 

25.0 

1-58 

921 

1662 

0.00171 

96.74 

3.00 

3.10 

24.0 

2 .69 

1489 

2229 

0.00181 

96.74 

4 . 20 

4.34 

18.0 

bo 

00 

1847 

2587 

0.00210 

97-84 

5 10 

5-21 

25-5 

4-65 

2153 

2895 

0.00216 

92 .61 

6.00 

6.48 

27 .0 

5-54 

2800 

3541 

0.00198 


Av. 0.00193 

826 = 1 .53 Just: loc. cit. 

825 = 1 . 50 Bohr and Bock, from tables in Landolt-Bornstein. 

S26 = I • 50 From supersaturation data. 


^ Just: Z. physik. Chem., 37 , 342 (1901). 
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As in the previous experiments the data from the fifth and sixth columns 
were plotted and the water-nitrogen graph of Fig. 7 was obtained. 

The values for V/P are not in as good agreement with each other as might 
be desired. This may be due to the fact that a different valve was used in 
place of valve V of the former experi- 
ments (see Fig. i). The new valve had 
a comparatively large cavity about its 
seat into which water condensed when 
the water in the pressure flask was boiled 
under reduced pressure co remove the 
air. In the shaking out process the water 
in the cavity apparently interfered with 
the movement of the gas through the 
valve, which may partly account for 
the somewhat erratic results. Moreover, 
the last portion of the gas in the super- 
saturated solution came off very slowly, 
vso that prolonged shaking was nec(‘ssary 
to obtain a constant reading upon th(' 

burette. Thus insufficient shaking might 

. ' Supersaturation of Nitrogen in aler 

n'sult in a second source of error. nnd Organic Liquids 

The Supersaturation of Nitrogen in Ethyl Alcohol 

The alcohol was of the same kind as was used in the supersaturation of 
oxygen in alcohol. Nitrogen was obtained in the same manner as mentioned 
in the preceding experinnqit. 


Table VI 

SupersaiuTatioJi of Nitrogen in Ethyl Alcohol 


Vol. Ale. 

Vol. N2 

V0I.N2/ 


Vol.NN 

Press. 

Ahs. 


CO. 

Shaken 

100 CC. 

t"C. 

Std.t'ond. 

Man mm. 

P' 

V/P 


out cc. 

Ale. 


CC. - V 

P 

mm. 


97.24 

11.40 

11.72 

28.0 

9.38 

576 

1317 

0.0163 

96.34 

13 30 

13.80 

28.0 

j 1 . 03 

642 

1383 

0.0172 

97.24 

16.10 

16.55 

27 *5 

13.31 

795 

1536 

0.0167 

97.24 

25.20 

25*91 

25.0 

21 .29 

1247 

1988 

0.0171 

97.24 

31.60 

32.49 

27.0 

26.25 

1488 

2229 

0.0176 

97.24 

39.30 

40.41 

27*5 

32.50 

1800 

2541 

O.OI8I 

96.34 

50.20 

52.10 

28 .0 

41.65 

2385 

3126 

0 0175 







Av. 

0.0172 

82*= 13. 

.11 Just: loc. 

cit. 







S26 » 13 . o From supersaturation data. 

From the data in Table VI the alcohol-nitrogen graph in Fig. 7 was ob- 
tained in a similar manner as were the graphs of the preceding experiments. 
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At the manometric pressure of 1488 mm. and above^ the gas came off at a 
noticeable rate without shaking the pressure flask when the pressure upon the 
supersaturated solution was released. This is similar to the observation made 
in connection with the supersaturation of oxygen in acetone, already referred 
to. The nitrogen came out of the supersaturated solution very readily upon 
shaking. Constant readings upon the burette were rapidly obtained and the 
last portion of the gas did not seem to be held as tenaciously by the alcohol 
as was the case of nitrogen in water. 

In this and the experiments following a new portion of liquid was not 
always put into the pressure flask for each supersaturation determination as 
long as the same kind of gas was being investigated. The gas in the super^ 
saturated state was merely shaken out, its volume determined, and the same 
liquid again used for another determination, but saturation being made at a 
higher pressure. It was not deemed necessary to boil the liquid after each 
determination to make it gas free as long as it had once been boiled and then 
saturated with the gas in question. This fact accounts for the similarity in 
the volumes in the first columns of some of the later tables. 

The Supersaturation of Nitrogen in Benzene 

Dry benzene was obtained (torn Dr. L. B. Parsons already mentioned in 
connection with the supersaturation experiments of oxygen in carbon tetra- 
chloride. Nitrogen was obtained in the manner previously mentioned. 


Table VII 

Supersaturation of Nitrogen in Benzene 


Vol.CeHe 

VoLNa 

VoLNa/ 


V0I.N2 

Press. 

Abs. 


cc. 

Shaken 

loo cc. 


Std. Cond. 

Man. mm. 

P' 

V/P 


out ec. 



cc.«V 

P 

mm. 

91.14 

8.00 

8.78 

27 .0 

7.72 

492 

1228 

0.0157 

91.14 

11.90 

13-05 

27.0 

11.48 

688 

1424 

0.0167 

91.14 

16.20 

17.77 

27-5 

15-63 

888 

1624 

0.0176 

91.14 

22.60 

24.79 

28,0 

21 .71 

1190 

1926 

0.0183 

91.14 

29.90 

32-81 

28,0 

28-73 

1659 

2395 

0.0173 

93-59 

40.20 

42.9s 

29,0 

37-33 

2281 

3015 

0.0164 


Av. 0.0170 


826=10.61. Just: loc. cit. 

S26= 13 .0 From supersaturation data. 

No reason can be given for the lack of agreement between the solubility 
and supersaturation measurements as given in the above table. When the 
pressure on the manometer was 1 190 mm. and above the gas came out of the 
supersaturated solution at an appreciable rate without shaking the flask. 

The Supersaturation of Nitrogen in Nitrobenzene 

The nitrobenzene employed was of the C. P. variety. It had been allowed 
to stand over calcium chloride about two weeks previous to distillation. The 
nitrogen was obtained by the same method as in the preceding experiments. 
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Table VIII 


Supersaturation of Nitrogen in Nitrobenzene 


Vol. 

Vol.N., 

V0I.N2/ 


Vol.N, 

Press. 

.'\b8. 


C.H.NO, 

♦Shaken 

lOOC'C. 


♦Std.Cond. 

Man. rnm. 

P' 

V/P 

cc. 

out ce. 



CO . = V 

P 

inni. 


97-74 

3-40 

3 48 

29.5 

3 03 

416 

1149 

0.00728 

97-74 

4.50 

4.60 

29 -5 

4.01 

549 

1282 

0.00730 

97-74 

10.30 

10-53 

29.5 

9.16 

1238 

1971 

0.00740 

97-74 

13 -40 

13-71 

30.0 

II .91 

1 688 

2421 

0.00706 

97-74 

22.30 

22 .81 

30.0 

19.88 

2707 

3440 

0.00734 


Av. 0.00728 

825 = 5.729. Just: loo. cit. 

826 =56 From supersaturation data. 


The nitrobenzene-nitroji^en graph of Fig. 7 was obtained in a similar manner 
as were the graphs in the previous determinations. When the pressure upon 
the supersaturated solution was released no evolution of gas was noticeable 
even at the highest pressures shown in Table VIII unless the pressure flask 
was shaken. This is in counterdistinetion to the fact observed in the case of 
nitrogen in benzene. 

The Supersaturation of Nitrogen in Aniline 

The aniline used had l)een allowed to stand over sticks of potassium 
hydroxide for two weeks previous to distillation. The nitrogen was prepared 
in the same w^ay as in the previous determinations. 


Table IX 


Supersaturation of Nitrogen in Aniline. 


Vol. 

V01.N2 

V0I.N2/ 


V0I.N2 

Pn*as. 

.\hs. 


(JUNH5 

Shaken 

100 ec. 


Std. (^ond. 

Man. min. 

P' 

V/P 

cc . 

out ce. 

CeHiNIb 


ee.-V 

P 

mm. 

98.69 

2 .40 

2.43 

20.0 

2 . 12 

470 

1203 

0.00451 

98.69 

3-90 

3-95 

29.0 

3-44 

822 

1555 

0.00419 

98.69 

7-50 

7 .60 

29.0 

6.62 

1523 

2256 

0.0043s 

98.69 

10.70 

10.84 

25.0 

9.60 

2344 

3079 

0.00410 

99-87 

12.20 

* 

12.35 

25.0 

10.90 

2613 

3348 

0.00419 


Av. 0.00427 . 

826 = 2.815. Just: loc. cit. 

825 = 3 .3 From supersaturation data. 


The aniline-nitrogen graph of Fig. 7 was obtained in a manner similar 
to the graphs of the preceding experiments. The supersaturated solution of 
nitrogen in aniline had to be shaken for a considerable length of time bc'cause 
the gas was tenaciously held by the liquid even at the highest pressures shown 
in Table IX. 
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The Supersaturation of Air in Water 

The air was drawn into the pressure apparatus through a tube extending 
outside the building. Conductivity water was used as in the cases of oxygen 
and nitrogen. 


Table X 

Supersaturation of Air in Water 

■r 1 • y TT-I A •_ TX 


Vol.H ,0 

Vol. Air 

Vol. Air/ 


Vol. Air 

Press. 

Abs. 


cc. 

Shaken 

lOOCC of 

t^’C. 

Std.Cond. 

Man. mm. 

P' 

V/P 


out cc. 

H ,0 


cc.-V 

P 

mm. 


97 54 

2 . 10 

21S 

26.0 

i. 8 s 

880 

1622 

0.00210 

97 54 

4.60 

4.72 

25-5 

4.07 

176s 

2507 

0.00231 

97 54 

5-70 

5-84 

25.0 

5.06 

2421 

3163 

0 . 00209 

98.44 

6.80 

6.91 

25.0 

5-98 

2730 

3472 

0.00219 

825=1.724. 

Winkler, from tables in Landolt-Bornstein. 

Av. 

0 . 002 1 2 


S26 = 1 .65 From supersaturation data. 



Fio. 8 

Supersaturation of Air and Hydrogen 
in Water 


The air-water graph of Fig. 8 was 
plotted from the data in Table X as 
had been done in the previous 
experiments. 

The air was tenaciously held by the 
water and only when the shaking of 
the supersaturated solution was some- 
what prolonged could the last portion 
be gotten out. 

The Supersaturation of Hydrogen 
in Water 

The hydrogen was obtained by the 
use of aluminum amalgam as described 
by Just.^ 

Conductivity water was used as in 
the previous experiment. 


Table XI 

Suj)ersaiuration of Hydrogen in Water 


Vol.HjO 

V01.H2 

V0I.H2/ 


Vol.H* 

Press. 

Abs. 

cc. 

Shaken 

lOOCC. 

t%\ 

Std.Cond. 

Man. mm. 

P' V/P 


out cc. 

of H2O 


cc.-V 

P 

•mm. 

91.69 

2.30 

2.51 

22 .0 

2.18 

641 

1375 0.00340 

91.69 

0 

0 

3-27 

21 .0 

00 

902 

1636 0.00318 

91.69 

3*40 

371 

22 .0 

325 

1052 

1786 0.00309 

91 .69 

6 60 

7 .20 

24-5 

6.18 

1958 

2692 0.00316 

92 . 16 

0 

00 

8.46 

25.0 

7.24 

22SS 

2989 0.00321 

825^1.759 

Winkler, from tables in Landolt-Bornstein. 

Av. 0.00321 


826 = 1.822. Just; loc. cit. 

8*26 = 2 . 3 5. From supersaturation data. 


‘ Just: loc. cit. 
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No reason can be assigned for the lack of agreement between the super- 
saturation and solubility data as shown in Table XL 

The Supersaturation of Carbon Dioxide in Water 

That supersaturated solutions of carbon dioxide in water occur has been 
known for a considerable time. Both Liebig^ and L. Pratc^si^ had observed 
the supersaturation of carbon dioxide in mineral water. 

The carbon dioxide used in the following experiments was obtained from 
marble chips and pun' hydrochloric acid. 


Table XII 

Supersaiuroiion of Carbon Dioxide in Water 


V01.H20 

Vol (’O2 

VoK'Oj/ 


Vol.CO. 

Press. 

Abs. 


re. 

Shaken 

lOOCC. 


Std. (^ond. Man. mm. 

P' 

V/P 


out re. 

of H,() 


cc. = V 

P 

mm. 


94.19 

25.0 

26.54 

25.0 

22 77 

420 

1156 

0.0542 

96 54 

36.8 

38.11 

27 .0 

32.43 

502 

1240 

0 . 0646 

94 05 

19.9 

21.15 

25.0 

18.32 

602 

1345 

0.0304 

96 . 79 

63.0 

65 og 

24.0 

56.74 

879 

1647 

0.0646 

96 . 64 

60 4 

62.50 

24.5 

53.79 

922 

1658 

0.0583 

94.94 

67.8 

71.41 

26.0 

61 15 

IT25 

1863 

0.0544 

06 54 

106.7 

110.50 

26.0 

94 63 

1873 

2611 

0.0505 


Av. 0.0541 

S2fi~75 90. Bohr and Bock, from tables in Landolt-Bornstein. 

825 = 75.62. Just: loc, cit. 

5^25 = 40.40. From sup('rsaturation data. 

There is no agreement between the sufK'rsaturation result and any of the 
solubility determinations. The low value from the supersaturation data is 
probably due to the escape' of gas from the supersaturated solution as soon 
as the pn'ssure upon it is n'leasc'd. FiiKllay and King* found that super- 
saturated solutions of carbon dioxide in water were exceedingly sensitive to 
slight mechanie^al shock. As the gas above the solution in the pressure flask 
was released with a rush, it is possible that a portion of the carbon dioxide 
came out of the solution as a result. The same investigators mentioned above 
surmised that if solutions of carbon dioxide were saturated at a higher pressure 
that there would be no period of quiescence when the pressure is reduced. 
This seems to he corrol)orated in the cases of carbon dioxide in water and ethyl 
alcohol. Because of the lack of agreement between the solubility measure- 
ments and the supersaturation data no graphs are shown for the sujx'rsatura- 
tiori of carbon dioxide in water and ethyl alcohol. 

* Liebig: Ann., 30 , 4 (1839). 

* L, Pratesi: Gazz. chim. ital., 22, 493 (1892). 

* Findlay and King: J. Them. Soc., 103 , 1170 (1913). 
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The Supersaturation of Carbon Dioxide in Elhyl Alcohol 

The same kind of alcohol was used as in the case of the supersaturation of 
oxygen in ethyl alcohol. The carbon dioxide was obtained by the method 
already described. 


Table XIII 

Supersaturation of Carbon Dioxide in Ethyl Alcohol 


Vol. Ale. 

V0I.CO2 

VoLCOj/ 


V0I.CO, 

Press. 

Abs. 


cc. 

Shaken 
out cc. 

lOOCC. 

of Ale. 

t**C. 

Std. Cond. 
cc. *V 

Man. mtn. 
P 

P' 

ram. 

V/P 

96.44 

18.90 

19 • 59 

25-5 

16.12 

130 

87s 

0.124 

97-94 

20.00 

20.42 

26.0 

16.65 

174 

916 

0.096 

97-14 

38.40 

39-53 

26.0 

32-24 

222 

964 

O.I 4 S 

97-44 

62.50 

64.14 

26.0 

52.31 

267 

1009 

0.196 

98.94 

93.80 

94.80 

22 .0 

79-75 

384 

1125 

0.208 

96.94 

110.30 

113.70 

26.0 

92.73 

S 33 

1275 

Av. 

0.174 

0.157 


The values of the ratio V/P are very erratic. If a graph be drawn from the 
values in columns five and six of Table XIII the points are scattered to such 
an extent that it is impossible to draw a representative line between them, 
hence the value for S25 cannot be determined. 

The Relation of Supersaturation to Solubility 

The graphs shown in the foregoing experiments show that the supersaiura- 
tion is approximately proportional to the pressure at which the saturation of the 
gas in the liquid took place. Moreover, if the solubility of a given gas in a given 
liquid, as used in this investigation, be calculated for different pressures by 
means of Henryks law, and the solubility so obtained be plotted against the 
pressure, the resulting graph will be practically identical with the one obtained 
for the same gas and liquid in which the volume of gas shaken out at atmos- 
pheric pressure — the supersaturation — is plotted against the pressure at 
which saturation took pla(;e. In the case of carbon dioxide in water and alco- 
hol this statement does not apply. 

The rate of evolution of gases from supersaturated solutions is of consider- 
able importance in connection with industrial and biological problems as has 
already been pointed out by Findlay and King.^ This part of the problem will 
be further investigated. 

Summary 

I. An apparatus for saturating gases in water and various organic liquids 
at pressures ranging from one to five atmospheres is described. 

This apparatus may also be used for determining the solubility of gases in 
liquids at different pressures. 


^ Findlay and King: loc. cit. 
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2. Saturated solutions of the following liquids and gases have been pre- 
pared at pressures ranging from one to about five atmospheres: 

Water, ethyl alcohol, acetone and carbon tetrachloride with oxygen. 

Water, aniline, nitrobenzene, ethyl alcohol and benzene with nitrogen. 

Water with air and hydrogen. 

Water and ethyl alcohol with carbon dioxide. 

After each liquid had been saturated with gas at the elevated pressure, the 
pressure above the liquid was n^duced to that of the atmosphere and the super- 
saturated gas which remained in the liquid was shaken out and its volume 
determined. 

The ratio of the volume so determined to the pressure at which saturation 
took place was found to be practically constant for any given gas and liquid. 
In the foregoing experiments, then, the siqK'.rsaturation of the gas in the 
liquid is proportional to the pressure at which saturation took place. 

3. The gi'aph obtained by plotting the volumes of gas shaken out of a 
supersaturated solution against the pressures at which saturation took place, 
is nearly identical with the solubility-pressure graph obtained by Hemry’s 
law for the same gas and liquid. In other words, wh(m these liijuids are satur- 
ated at a high pressure and the pressure above the liquid is then reduced the 
total amount of gas corresponding to the difference in solubility between these 
two pressures n'lnains in th<^ supersaturated condition. Notable exceptions 
to this rule were found in the case of carbon dioxide in water and ethyl alcohol. 

4. The rates with wdiich the gas<'s came out of the supersaturated solutions 
varied with the gas and liquid used. This will be the subject of further inves- 
tigation. 

.Afaduon, 

Wisamsin 



STUDIES IN HETEROGENEOUS EQUILIBRIA. IV: THE 
SOLUBILITY OF STRONG ELECTROLYTES 


BY J. A. V. BUTLER 


Introduction 

The solubilities of strong electrolytes in aqueous solutions have usually 
been discussed on the supposition that the solubility is determined by the 
equilibrium between solid salt and unionized molecules on the one hand and 
that between unionized molecules and their ions on the other. The law of 
solubility product in dilute solutions follows from the assumptions that the 
first of these equilibria is unaffected by the moderate addition of salts and that 
the second is governed by the law of mass action.^ It is certain that the law of 
mass action does not apply to the ionization of strong electrolytes and in an 
exhaustive series of investigations by A. A. Noyes and his collaborators^, it 
was shown that the second assumption is also incorrect and that both the 
solubility product and the concentration of unionized molecules, calculated 
on certain assumptions from the conductivity data, are far from constant. 
More recent investigations have been directed towards making appropriate 
modifications of the law of mass action, and to the thermodynamical device 
of determining the effective concentrations or activities which fit the thermo- 
dynamical equations. 

At the same time it has become apparent from our knowledge of the polar 
structure of salt crystals that the solution of a salt is essentially an ionic 
process. In the solid salt, the molecule in the ordinary sense of the word does 
not exist. If the crystal is built up of ions acting as independent units in the 
lattice structure, there is no reason to suppose that the ions in the surface 
layer may not independently pass into solution and that ions from solution 
may not independently take their places in the crystal lattice. 

It is the purpose of this paper to develop on kinetic grounds such a view 
of the independent solution of ions. On the basis of the statistical equations 
developed in the previous papers of this series^ a general equation for the solu- 
bility of strong electrolytes is obtained, of which the law of solubility product 
is a special case. It is then shown that the relation between the heat of solu- 
tion and the solubility product contained in this equation is confirmed by the 
available data. 

1 Nernst: Z. physik. Chem. 4 , 379 (1889); A. A. Noyes: Z. physik. Chem. 6, 243 (1890). 

* A. A. Noyes, W. D. Harkins and others: J. Am. Chem. Soc. 33, (1911). 

» See Lewis and Randall: 'Thermodynamics” (1923) ; Bronsted: “Studies on Solubility” 
J. Am, Chem. Soc. 42 , 671, 1448 (1920); 43 , 2265 (1921); 44, 877, 938 (1922). 

* Part I. Trans. Faraday Soc. IQ (1924). Parts II. and III, Discussion on “Electrode 
Reactions and Equilibria” held by Faraday Soc. Nov. (1923). 
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The Kinetics of the Solubility Process 

It has long been known that salt crystals strongly adsorb a common ion 
from solution. While this has been appreciated analytically, the most con- 
vincing evidence has come from the study of the electric charges carried by 
colloidal particles of insoluble salts. Numerous examples of the stabilizing 
effect of a slight excess of a common ion on such suspensions are known’. In 
all such cases the sign of the surface charge is that of the common ion present 
in excess. 

In a recent investigation Fajans and Frankenburg(T- have determined the 
amount of adsorption of silver ions by silver bromide crystals. They find that 
the number of silver ions adsorbed from a solution of silver nitrate of concen- 
tration 1.8X10-" mols/litre in the presence of potassium nitrate is one for 
every four to ten bromide ions of the exposed surface of silver bromide. These 
authors recognized the intimat(‘ bearing of their results on the question of the 
solubility product and their remarks on this point may be quoted in full on 
account of their close connection with the more detailed treatment which 
follows. 

‘‘The crystal lattice of a salt adsorbs (in this ease) one of the kinds of ions 
constituting it. The adsorption forces are Ihtc identical in nature with those 
holding the adsorbent together. The connection between such an alternate 
adsorption of both kinds of ions and the growth of a crystal from a super- 
saturated solution is easy to see. 

“A very clear idea of the quantitative effect of an excess of one kind of ion 
on the solubility of a binary salt according to the law of miiss action is thereby 
afforded. If we assume for simplicity a difficulty soluble salt, both of whose 
ions are equally strongly adsorbed on the same crystal lattice, i.e. in contact 
with t he saturated solution containing both ions in equal concentration, there 
arises no potential difference between salt and solution. If we add now an 
excess of one of the ions, say the kation,the “adsorption (equilibrium” of this 
ion on the anions of the lattice is disturl^d, consequently it is deposited on the 
anions of the lattice" covering them in part and giving the lattice a positive 
charge. The equilibrium with anions in solution is thereby also disturbed as 
can easily be seen from the facts that the anions of the lattice which are covered 
by positive ions are removed from kinetic contact with the solution and that 
the surface now carrying an excess positive charge exerts an increased attrac- 
tion on the anions of the solution. Fresh anions must therefore be deposited 
on the crystal lattice from solution until a new state of equilibrium is set up 
with a smaller concentration of anions. This means that the solubility of the 
salt is lowered by an excess of kations. It is clear that a closer investigation 
of the whole adsorption isotherm for both ions must give a quantitative con- 
nection with the law of solubility product. Two points can already be seen. 
Firstly, since the adsorption of kations in the case considered is the greater, 

’ Mukherjee: “The Physics and Chemistry of Colloids” General Report of a discussion 
by the Faraday Society and the Physical Society, 1920, 103 (1920). 

* Z. physik. Chem. 105 , 255, (1923). 
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the greater the excess added to the solution, so must the amount of anion 
precipitated increase likewise and the solubility decrease, corresponding 
entirely qualitatively with the law of mass action/^ Secondly, it is pointed 
out, it provides a connection between the law of solubility product and the 
Paneth adsorption rule. 

We can accept this as a general picture of the process. But there is no 
reason for supposing that a crystal must adsorb both ions equally from its 
simple saturated solution. It may obviously happen that the tendency of one 
of the ions to go into solution may be greater than that of the other, owing 
either to a smaller attraction of the lattice or a greater attraction of the solvent 
for this ion. If, for example, the negative ion has the greater tendency to go 
into solution the surface will be left with an excess of positive ions and a 
potential difference will be set up whereby the solution negative ions is retard- 
ed and that of positive ions assisted. Eventually a state will be reached in 
which the ions are dissolved and deposited at equal rates. 

The general case may be developed as follows: — 

Confining ourselves to a binary electrolyte, let there be N ions of each 
kind per square centimetre of the crystal surface. When equilibrium is 
reached it may be supposed that the surface consists of an incomplete surface 
layer above a complete second layer of ions. Suppose that the incomplete 
surface layer consists of Nx positive ions and Ny negative ions. Each vacancy 
for a positive ion in the first layer discloses a negative ion underneath it and 
mce versa. Consequently the surface exposed to the solution is composed of N 
(x-f I — y) positive ions and N (y + 1 ~x) negative ions, giving it a net positive 
charge of 2N (x— y). 

Let the potential difference corresponding to the work done against elec- 
tric forces by a unit positive ion in reaching the surface from the interior of the 
solution be E. It is necessary to modify the solubility equations of Part I. 
in order to take account of the superposition of this electrical factor on the 
two solubility forces there considered for each of the ions. 

The work done by a positive ion in reaching the “balance point’^ from the 
surface will now be Wi — nE'F, in reaching the same point from the interior 
of the solution W2+nE"F, where Wi and W2 are the corresponding amounts 
of work done against the combined “solubility forces^^ and E'+E^— E. 

The number of positive ions leaving the surface per square centimetre per 
second is therefore: 

( ) W, -nE'F 

ei=-N| i-(x-y)| A' VTe“ rt " (i) 

where A' = v \/ R / Wi tt 

Now a positive ion reaching the surface can only be fixed in quite definite 
positions, i.e. above uncovered negative ions. If we picture the surface as 
divided into positive and negative “squares^^ we see that on the supposition 
that a positive ion can only be held if it comes right within a negative square, 
the number of positive ions deposited per second is given by: 



STUDIES IN HETEROGENEOUS EQUILIBRIA 


44 r 


i-(x-y) I A-v/T o 


Wi + nE*F 
KT 


( 2 ) 


where N, is the number of positive ions per cubic centimetre of the solution 
and A = VK/2 IT M. 

If the localized attractive forces of the crystal lattice overlap the “squares” 
to some extent the number of ions condensed will be rather greater than ©2', 
say «02'. For equilibrium at the surface, we have then; 

_ W,-„E'F 

I i+(x-y) J- AVT e 

W,+nE'F 


N- 


UT 


That is: 


= N,|i-(x-y)| aAVT 


IIT 


RT 


Wi ^ nEF 


RT 


(3) 


(4) 


For negative ions wc obtain a similar expression : 


N.' = N 


j' l- (x-y) ) V 

I1+ (x—y) / a A 


W4 - w, 


e 


RT 


nEF 

RT 


(5) 


Multiplying (4) and (5), 




N^A^i 

aa^ 


Wa~W, W4-W 3 

RT RT~ 


( 6 ) 


Here (W2— W1+W4— W3) Ls equal to the heat of solution of the salt U per 
gram molecule in saturated solution. 


Introducing the molar concentrations of the ions 




N N ' 

— * X 1000 and c' — — ^ X 1000, we obtain 
No No 

U NWAi'io^ 

In(cc') = + ^2 


(7) 


We see that so long as the heat of solution is not affected hy changes in the 
concentrations of salts in the solution and if a, a* remain constant, the prod- 
uct of the concentrations of the two ions in solution is constant. That is, 
under these conditions we have arrived at a kinetic deduction of the law of 
solubility product. 

Evidence has already been presented in Part I. that the second term on the 
right of (7) leads to values which are at least of the right order of magnitude. 
We shall now consider the relation between the solubility product and the 
heat of solution U which is indicated by this equation. 
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The Dependence of the Solubility Product on the Heat of Solution 

According to (7) the addition of any substance to the solution which affects 
the heat of solution, i.e. the attraction of the liquid for either of the ions will 
occasion a corresponding change in the solubility product. 

Writing (7) in the form 

^ “ 2 .30^ RT + ^ 


and assuming that K is independent of the temperature, for two temperatures 
Ti and T2 we obtain 


logio 


P2 


U 

2,303 R 



0 ) 


(9) 


Consequently knowing the solubility product at two temperatures for a cer- 
tain concentration of added substance we can calculate U, and proceed to test 
the validity of (8)^ 

It must be noted that such a relation has already been observed in one case 
for the effect of an electroljrte on the solubility of a non-electrolyte. McKeown* 
has shown from Thorne's data^ that the solubilities of ether in sodium chloride 
solutions are related to the heats of solution by an equation analogous to (8), 
and suggested a statistical explanation couched in more general and vaguer 
terms than that of the author^. 

In attempting the verification of (8) for strong electrolytes with existing 
data two difficulties are met with. 

In the first place there is the difficulty which has entered into all discussions 
of the solubility product, the uncertainty of the proper values of the ion con- 
centrations. Following Bronsted® in the calculations given below, this diffi- 
culty has been avoided by the use of the total stoichiometrical concentrations 
of the ion species concerned, without any regard for the degree of dissociation. 
The “stoichiometrical solubility product" so obtained is of course not the 
same as that in which ion concentrations calculated according to any particu- 
lar assumptions are used. A further discussion of this point is given after the 
calculations have been presented. Secondly, it is a matter for regret that 
practically all the accurate investigations on the solubility product particu- 
larly those in which parallel conductivity measurements were made, were 
carried out at one temperature only and therefore cannot be used for the pur- 
pose of testing this relation. Since a comparatively small error in solubility 
will give rise to a large error in the heat of solution, it is preferable to employ 


1 This differs from the familiar isochore expression in that the Van’t Hoff factor i must 
be introduced in the deduction of the latter. U is here the partial molar heat of solution. 

* If the solvent does not contain a common ion P~C*, and we shall use the simpler form 


logic C. 


.-I-K' 


2X2.303 ItT 
® J. Am. Chem. Soc. 44 , 1203 (1922). 

* J. Chem. Soc. 99 , 262 (1921). 

’ This paper did not come to the author^s notice until recently and on that account was 
not referred to in the first paper of this series. 

* J. Am. Chem. Soc. 42 , 761 (1920). 
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measurements made under similar conditions and by the same workers at the 
two temperatures. 

Few measurements have been found in the great mass of solubility data 
which are suitable for our purpose. Most of these have been calculated and the 
results are presented in Tables I to X. 

In his extensive series of determinations of the solubilities of the complex 
ammines Bi ousted has given the solubilities of four complex binary salts in 
water and in 0.2 M salt solutions^ at 0° and 20°. These solubilities, together 
with the calculated heals of solution, and the values of K (equation 8) are 
tabulated in Tables I to IV. Table V gives the solubilities of i 3 -'‘croceo'' 
cobaltic nitrate in potassium formate solutions of different concentrations by 
the same author^. Table VI gives Bninsted’s data for /S-croceo nitrate in 
water and o.i N nitrate solutions^. 

The solubilities of salts in solutions containing various non-t‘lectrolytes 
and electrolytes have also been mea.sured with some care at 0° and 25° by 
Armstrong and Eyre^. 

Some representative cases are given in Tables VII, VIII and IX. The 
solubilities are expressed by the authors as grams, salt per i ,000 grams water. 
The corresponding solubilities per 1,000 grams, solution were calculated and 
employed. The specific gravities of these solutions being unknown, it was not 
possible to give the true volume concentrations. If however, as may reason- 
ably be supposed to be approximately the case, the ratio of the specific gravi- 
ties of solutions of different compositions at the two temperatures is constant, 
the obtained from the data will differ from the true value by a constant 
factor. Table X. gives the determinations of Touren^ of the solubility of 
potassium chloride in potassium nitrate solutions of various strengths®. 


Table I 

Xantho-cobaltic Tetrathio-cyanato-diammine Chromiate in Water 
and 0.2 M Salt Solutions 


Solvent 

Solubility X 10® 

U 

K' 

0° 

20° 

H,0 

392 

1284 

— 18900 

4. 18 

NaCHO* 

629 

1950 

— 18030 

4.04 

KCHO* 

667 

2040 

— 17700 

3 93 

NaCl 

680 

2097 

-17850 

4.00 

KCl 

723 

2193 

-17430 

3 86 

NaNO, 

746 

2228 

-17330 

3-83 

KNO, 

790 

2325 

— I7IIO 

3-77 


^ J. Am. Chem. Soc. 44, 886 (1922). 

• J. Am. Chem. Soc. 43, 2276 (1921). 

» Z. physik. Chem. 1922, 100, 139. 

• Proc. Roy. Soc. 84A, 123 (1910). 

• Compt. rend. 130, 909 (1900). 

• The data of Armstrong '‘and Eyre for this case appear to be somewhat irregular. 
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Table II 

Xantho-cobaltic Tetranitro-diaminine Oobaltiate in Water and 
0.3 M Salt Solutions 


Solvent 

Solubility X 10* 

U 

K' 

0° 

20® 

HjO 

311 

992 

— 18380 

387 

NaCHO* 

570 

1692 

— 17230 

3-68 

K CHOi 

629 

1824 

— 16860 

357 

NaCl 

621 

1823 

— 17060 

3 64 

KCl 

682 

1952 

— 16650 

3 52 


Table III 

Chloropentammine Cobaltic Tetranitro-diammine Cobaltiate in 
Water and 0.2 M Salt Solutions 


Solvent 

Solubility X 10* 

u 

K' 


0° 

20® 



HaO 

173 

637 

— 20640 

4.53 

NaCHOj 

325 

1100 

— 19320 

4.27 

KCHOj 

363 

1207 

— 19020 

4.20 

NaCl 

353 

1186 

— 19200 

4.26 

KC;i 

393 

1291 

— 18850 

4.16 


Table IV 

Chloropentammine Cobaltic Tetrathio-cyanato-diammine Chro- 
miate in 0.2 M Salt Solutions 


Solvent 

Solubility X 10* 

t 

U 

K' 


0° 

20® 



NaCHOs 

477 

1516 

-18550 

7 - 4 S 

ECHO* 

510 

1592 

0 

M 

0 
00 
M 

1 

7.24 

NaCl 

524 

1627 

-17950 

7.21 

KCl 

548 

1702 

-17950 

7.21 
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Table V 

jS-Dinitro-tetrammine Cobaltic Nitrate in Potassium Formate 

Solutions 


Concentration 
of KOOCH 

Solubility X lo* 

u 

K' 

0“ 

20*^ 

0 

494 

1298 

— 1 5200 

2 84 

•OS 

575 

1467 

— 1 4800 

2 72 

. I 

621 

1570 

— 14670 

2 69 

.2 

<^93 

1713 

— 14300 

2 50 


Table VI 

/ 3 -Dinitro-totrammine ('lobaltie Nitrate in Wat<T and Nitrate 

Solutions.* 



Solubility product Xio* 

u 

K 


0“ 

20® 



HsO 

25 I 

170 6 

— 1 5 1 80 

^ 50 

. I KNO3 

44-3 

262 .4 

— 14100 

I 31 

. I NaNO, 

44 I 

249 8 

-13740 

I 22 


•Bronsted floe, cit.) gives the solubilities at a niiml>er of other temperatures between o® 
and 20®. The mean values of U calculated for the tem}>erature intervals o — lo o6, lo o6 
— 20,5 02 — 15 07, 0 — 20, are: HjO, — 15190; o i KNOs, — 14090; o i NaNOj, — 13S40. 
It may be noted that in his discussion on the effect of temiKTaiure on solubility etc. Bron- 
sted assumes that the heat of solution in water is the sana* as in o 1 nitrate solutions. He 
gives in support a calorimetric determination of the heat of solution in w’ater, giving the 
value — 141 50 cals, w'hich differs appreciably from the .solubility values. 


Table VII 

Potassium Chloride in Methyl Alcohol Solutions 


Alcohol 

Mols/ 1000 gms 

Solubility. Gms/ looo gms. 

solution 

U 

K' 

o** 

25° 



0 

221 .0 

267.0 

-2440 

3 32 

•2S 

217-3 

264.2 

-2514 

3-35 

•SO 

213.8 

260.0 

-2523 

3-34 

1 .00 

206.0 

252.6 

— 2627 

3-37 

3 00 

178.4 

228.3 

-3170 

352 
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Table VIII 

Potassium Chloride in Propyl Alcohol Solutions 


Alcohol 

Solubility. 

Gms/ 1000 gms. 
solution 

U 

K' 


0° 

25 ° 

0 

221 .0 

267.4 

-2454 

3-33 

•25 

212.7 

2 .S 9-3 

-2560 

3-35 

•50 

205.0 

252.3 

— 2680 

3*39 

1 .00 

189,7 

238.2 

-2940 

3-46 


Table IX 

Potassium Chloride in Hydrochloric acid Solutions 


HCl 

Mols/ 
1000 gms. 

! 0° 

1 25° 

u 

K 

KCl Mols/ 

1000 gms.soltn. 

P 

KCl Mols/ 

1000 gms soltn. 

p 

0 

2 .962 

8-775 

3*545 

12.56 

-2315 

1.87 

'25 

2 .807 

8.581 

3 391 

12 .35 

-2344 

1.88 

•5 

2.643 

8.305 

3 239 

12 . II 

~ 2430 

1 .89 

1,0 

2.296 

7-570 

2 .929 

II. 51 

— 2700 

1-94 


Table X 

Potassium Chloride in Potassium Nitrate Solutions 


KNO3 

1 14 5° 1 

25.2°* 1 



Mols/ 

litre 

KCl MoLs/ Litre 

1 ^ 

KCl Mols/Litre 

P 

u 

K 

0 0 

3 865 

14 

94 


17-48 

— 3128 

3 07 

. 204 

3-810 

^5 

29 


17.69 

-2813 

2.9s 

.318 

3-782 

15 

51 


17.86 

-2244 

2 .90 

.615 

3-710 

16 

>05 


18.35 

-2131 

2 .83 

910 

3 629 

i6 

47 


19 00 

-2265 

2.94 

I . 220 

3-582 

17 

.20 


X 9 - 5 X 

— 2000 

2.78 


interpolation. 


It will be seen that Tables I to V deal with the effect on the solubility of 
additions of electrolytes not containing a common ion, Tables VII and VIII 
with additions of non-electrolytes and Tables VI, IX and X with additions 
of electrolytes with a common ion. Further the salts concerned include ex- 
tremely complex binary ammines of comparatively low solubility and the 
fairly soluble simple salt KCl. 
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In all cases the effect of the addition of other substances to the solution, 
with or without a common ion, on the solubility product is uniformly parallel 
with the effect on the heat of solution. A few irregularities may lie observed, 
but these may be ascribed to errors in the solubility data. The quantity K 
is not quite constant and its uniform change with the heat of solution indi- 
cates a real change. It must be remembered that this quantity besides in- 
cluding the indeterminate factors «,«' contains the terms A, A' which de- 
pend on Wi and Wa, unknown parts of the total heat of solution. 

It was pointed out earlier that the solutions and solubility products given 
arc stoichiometrical quantities, no attempt being made to introduce the 
degree of dissociation. The uniformity with which the introduction of these 
quantities in the equation represents the effect on the solubility of additions 
of such different kinds makes it possible to suggest tentatively that it is the 
‘^total ion concentration*’ which functions in the solubility process of strong 
electrolytes. A thorough investigation of a particular case is necessary before 
pronouncing definitely. In view of the important bearing of this point on the 
theory of complete dissoi^iation, it is intended to undertake such an investiga- 
tion. 

With regard to the connection l>etw(‘en the heat of solution and the com- 
position of the solution, it may be observed that Bronsted has referred many 
of his measurements to the equation ln(eie2) = 2a +const.. where i\ 
is the total ion concentration. 

If our relation (8) is correct this implies that Uoc On the other 

hand Rothmund’s equation i/e log^^' =0 indicates that the change in the 

112 

heat of solution is approximated proportional to the concentration of added 
substance. Some preliminary calculations on the scanty data available indi- 
cate that neither of these relations represents the effect very well and the 
matter may be left for fuiiher study. 

The relation of our equations and the conception of activities may also 
be briefly indicated. Let activity co-efficients fif2 be introduced so that 
(\C2fif2 = k in any solution. 

If (C,C,) = j-j, + K we see that 

(W0= “p-U+Ko-K 

where Uo and Ko vder to the standard state, and we may write for each ion 
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Summaiy 

1. The kinetics of the solubility of strong electrolytes is developed and a 
general equation for the solubility of a binary salt is obtained which includes 
the law of solubility product as a special case. 

2. It is shown that the relation between the solubility product and the 
heat of solution included in this equation is amply confirmed by the available 
data. 

3 . The connection between this treatment and ( i ) the theory of complete 
dissociation of strong electrolytes in solution, and (2) the conception of activi- 
ties is discussed. 

Chemistry Department, 

University College of Swansea, 

W ales. 



DISPERSITY OF SILVER HALIDES IN RELATION TO THEIR 
PHOTOCiRAPHIC BEHAVIORS 


BY FRANK E. E. GERMANN AND MALCOLM C. HYLAN 

Introduction 

There has been of lat(‘ considerable discussion among photographic 
chemists over the relation bctw(»on size of the silver halide grain and the 
speed of the photographic plate. Wightrnan, Trivelli and Sheppard^ seem 
to find that the relative spcnnl of emulsions increases rapidly with the average 
size and range of size of the pari ides contained therein. That this is not always 
true is shown by the following^: ^'An expt^rimental emulsion was prepared, 
the grains of which measured up to 8/u in diameter and which had an H and D 
speed of only 38. In comparison mih this emulsion a Royal Standard Light- 
ning Plate from Kodak Ltd. was tested, the gi-ains of which averaged up to 
2.8m hi diameter and of wdiich the H and D speed was 728. Thus it appears 
that emulsions containing grains of approximately 1 /3 the linear dimension 
are more than 10 time's as sensitive. This is also time of individual grains in 
the same (*mulsion”. 

Koch and du Prel^ have* concluded that it is not possible, \/ith the informa- 
tion at present available, to formulate a definite' relation between grain-size 
and sensitivity, but that it is certain that the largest grains in an emulsion 
are by no means the most sensitive. 

Befoi’c going on to a further discussion of the exix'rimental results obtained 
by various authors it will lx* well to consider, from a pui*ely tht*oretical stand- 
point, what should Ix' ('Xfiected. 

If we accept the sul>-halide theory of the photochemical actum of light on 
the silver halide, the amount of halide affected in unit time becomes the deter- 
mining factor in the sjieed of the plate. If wc accept the nuclear theory it is 
the number of grains afforded wdiich determines the numlier of nuclei formed 
and thendore the sp<>ed of the plate. SupfK>sing light to have a continuous 
wave-front, that is, not a (piantum-like or disen'te structure of radiation, then 
the amount of halide affected would depend upon the “effective area’^ of the 
particles, and the number of particles affected would dejxmd upon their “rela- 
tive number^l By “effectives arr'a^' is meant the sum of the projectional areas 
of the particles. By “relative number” of particles is meant the number of 
particles present per unit weight of silver halide. Now both “effective area” 
and “relative number” are proportional to the disjunsity. This will Ix^ readily 
seen from the following illustration. We may consider the grains to approxi- 

^ Extract from a thesis submitted in partial fulfilment of the requirements for the 
degree of Ekictor of Philosophy. 

* J. Phys. Chem. 27 , 1-51 (1923)- 

* Eastman Kodak Co. Monographs on the Theory of Photography No. i, p. 104. 

* Physik. Z. 17 , 536 (1916). 
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' mate spheres. Suppose, then, we have a sphere of radius R. Its mass will 
be 4 / 37 rR^p, where p is the density. Its projectional area will be ttR*. 
Let us, then, take an equal mass of spheres of radius r = R/ 2 . Then the mass 
of each sphere will be 4/37rrV or i /8 of the larger sphere. We will then have 
8 small spheres. The projectional area of each will be Trr-, and their total 
projectional areas will be STrr* or twice the projectional area of the large 
sphere. It is evident, then, that by halving the linear dimensions we double 
the ‘^effective area” and mutiply the number of particles by 8, or to be more 
general, the ‘‘effective area” is inversely proportional to the linear dimensions 
of the particles, and the number of particles, or “relative number”, is inversely 
proportional to the cube of the linear dimensions. 

Suppose, now, we consider light to consist of quanta, or discrete particles 
of radiation. Then the probability of each quantum coining in contact with 
silver halide will be proportional to the “effective area”, and while greater 
dispersity will reduce the probability of any single particle being hit, it will 
increase the probability of the quantum hitting some silver halide. Thus the 
amount of halide affected is again proportional to the dispersity. And, finally, 
the number of particles hit will also be greater the greater the dispersity. 

Let us suppose that instead of the number of particles affected it is the 
number of molecules affected which is the determining factor. Owing to 
photochemical extinction, the amount of light reaching any molecule will 
depend upon its distance from the surface of the particle. Here again the 
greater the dispersity the more molecules are at or near the surface. For 
example take the spheres used as an illustration above. Light of sufficient 
intensity to just penetrate to the center of the small spheres would penetrate 
but half way to the center of the larger one. 

Thus, viewed from a number of different angles, theoretically it would 
seem that the smaller-grained emulsions should be the faster. The apparent 
usual greater speed of coarse-grained emulsions must be due to factors other 
than purely dimensional ones. 

The work of the authors on the speed of silver iodide emulsions^ in 
which they found the apparent great difference between the sf>eed of iodide 
and bromide to be due principally to the adsorption of potassium iodide by 
the former, led them to wonder if the apparent greater sfKH‘dof coarse-grained 
emulsions, in direct opposition to the theoretically expected result, might 
not be due to a similar phenomenon. Assumiition of such a cause for the 
discrepancy between theory and practice perfectly explains the experimental 
results obtained by many investigators. We will take up some of these in 
detail. 

We should expect, since in gelatin emulsions the silver halide is formed in 
the presence of excess soluble halide^, that the finer grained emulsions would 
contain much more adsorbed halide, the effect of which might neutralize, or 

* Germann and Hylan: J. Am. Chem. Soc., 45 , 2486 (1923). 

* Eastman Monograph, No. i, p. 27. 
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even reverse, the purely dimensional effect of the grains. To quote Trivelli 
and Sheppards “The smaller the crystal, the larger its relative surface, and 
the more it is liable to contamination with dissolved and adsorbed foreign 
molecules/^ In an emulsion, then, containing considerable excess of soluble 
halide we should expect the speed to be inversely as the adsorbed halide, 
or, in other words, directly proportional to the grain size. Probably the 
difference Wightrnan, Trivelli and SheppanP found b(‘tween their own 
experimentally prepared emulsions and the Royal Standard Lightning 
Plate from Kodak Ltd. lies here, in the difference in excess of soluble halide. 

The eff(»ct of variation of size can also b(‘ explained by adsoi ption. Ad- 
sorption, in general, is proportional to the “s|)ecific surface’’ of th(‘ adsorbent. 
“Sp(*eific surface”, whic^h may he dermed as the surface jx^r unit mass of 
material, is proportional to the disi)(‘rsity. Again taking spheres as examples, 
a s])here of radius R would have a surface' of 47rR^ As w(' have shown above, 
if we take an ('qual mass of .sphc'n's of radius r = R /'2 we w'ould have 8 small 
spheres. The surface' of (‘ach would be* 47rr", and the total surface of the 8 
would be* twice* that of the single large sphe're. Thus the specific surface is 
inve'ivsely proportional te) the linear dimensions of the t)articles. We have 
take'll sj)he‘res as ('xample*s b(*cause* the»y have* less surface )x*r given mass than 
any other solid figure, and he'iice the ratios we* have df'veloped for themi are a 
minim uin. If the crystals were wry irregular in shape the increase of surface 
[ler decrease of lint*ar dime'iisions might be cemsiderably greater-. In emulsions, 
then, having considerable* range* in the size of the particle's, the smaller grains, 
prc'se'iit together with the* large'r one's, adsorb r(*lativ(*ly more* halide* and leave 
the Iarge*r ernes re*lative*ly purer than if there we're* einly large e)ne*s pre'sent. 

The “ripening” effect of allowing emulsions to stanel at reiemi te'm})erature 
or higher for some* time before* use* has b(*en theiught by senne to be elue to 
incre'ase in size of grain, similar te» “dige'sting” a barium sulfate pre^cipitate 
before filte*ring. Rut to again ejimte Trive'lli and She'ppareP, “moelern high- 
spe'i'el emulsions, relative*ly coarse graine'd, are not produced by the* ripening 
of emulsions which would eitherwise* be slow anel fine* graine'd. The twei type's 
are proeluce'd uneler relatively eliffere*nt initial conelitions, and, as pointed out 
by Luppo-CVainer and ]Me*e*s, are practically discontinuous.” And again, 
“ripening by way of recrystallization depends mainly on the t'limination of 
adsorlx'd impuritie*s.” 

As adse)rption phemomena are more accemt uate'el in silver ie)elide* than in 
other silver halieles, a study of the relations betw('e*n size e)f grain and sensitive- 
ness in plates of this mate*rial seemed worth while. 

Experimental 

Various methods were attempted for preparing simultaneously two emul- 
sions, of which one would contain relatively small, and the other relatively 

* Eastman Monograph, No. i, p. 29. 

* J. Phys. Chein, 27 , 1-51 (192,4). 

* Eastman Monograph, No. i, p, 27. 
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large particles of silver halide. The method finally found to be most successful 
for obtaining fine-grained emulsions consists, in general, of mixing concen- 
trated solutions of silver nitrate and potassium halide. The most successful 
method for preparing coarse-grained emulsions consists of adding the required 
amount of crystalline silver nitrate to a dilute solution of potassium halide, 
and stirring the mixture only after the nitrate and halide have had time to 
react. 

In order to get a fair comparison of the effect of size of halide grain on the 
speed of the emulsion, the emulsions compared must contain equal 
weights of silver halide. The maximum amount of silver which could be 
deposited from each would be the same. The excess of potassium halide in the 
two emulsions must also be equal in order to give equal Mass Action effects. 
Taking these facts into consideration, emulsions were prepared as described 
below. 

For the fine-grain emulsion 5gm of silver nitrate and 5gm of potassium 
iodide were accuratelj^ weighed on the balance. The potassium iodide was 
dissolved in 500 of distilled water, together with something less than a gram 
of gelatin. The silver nitrate was dissolved in 3CC of distilled water and quick- 
ly added to the gelatin-potassium iodide solution. The resulting silver iodide 
emulsion was then added to 240CC of distilled water in which 2ogm of gelatin 
had previously been dissolved, and the whole stirred vigorously to insure 
thorough mixing. 

For the coarse-grain emulsion o.sgm of silver nitrate and o.5gm of potas- 
sium iodide were accurately weighed. The potassium iodide was dissolved in 
25CC of distilled water, together with 2gm of gelatin. When solution was com- 
plete the crystalline silver nitrate was added, and, after allowing time for the 
reaction of the iodide and the nitrate, the emulsion was thoroughly stirred. 

A slide for microscopic examination was prepared from each emulsion by 
pouring some of the warm fluid emulsion over the slide, rotating it to get it to 
spread evenly over the surface, and pouring off the excess. The emulsions 
were then painted on cards and set away to dry. 

When dry, a card from each was exposed for one minute and developed for 
five minutes in alkaline metol solution. In each case, the card having the 
large grains gave a fair picture, while the card having the small grains gave 
a faint picture or no picture at all. 

A card from each emulsion was bathed for five minutes in metol sulfite 
sensitiser, dried, exposed for one second, and developed in alkaline sulfite 
solution for 30 seconds. In each case the card having the smaller grains gave 
much the better picture. For details as to the metol sulfite sensitiser, the 
alkaline sulfite developer, and the alkaline metol develoi>er the reader is 
referred to a previous article by the authors^ on ‘The Photographic Sensitive- 
ness of Silver Iodide^^ 


i Germann and Hylan: J. Am. Chem. Soc. /, r. 
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Photomicrographs of several of the experimental emulsions were also 
taken to serve as a record. The ecjuipment usikI consisted of a Bausch and 
Lomb photomicrographic bench, mounted on a concreb^ pier to reduce vibra- 
tions to a minimum. The illumination was furnished by a 5 ampere hand- 
feed arc light, fitted with a Bausch and Lomb aspheric condenser, and a 
Wratten filter. The microscope was a Spencer, fitted with a 4mm oil-immer- 
sion 1.25NA objective, a loXIIuygcms occular,and a Spencer 1.3NA substage 
condenser. The pictures w(»re taken on Wratten M plates. 

Discussion 

It is to be noted that in every case where a distinct, difference in the average 
grain size was observed, the emulsion having the coarser grains was the faster 
if not sensitised, but that the fiiu^r grained (anulsion was the faster after 
s(‘nsitisation. This is in p(Tf(»ct harmony with the theoretically expected 
results as discussed in tlu* introduction. 

The authors* in tludr artich' on ‘‘The Photographic Sensitiveness of Silver 
lodid<'” have shown that tlu' principal effect of semsitising these (unulsions 
is the reiiKwal of adsorbed potassium iodide. In th(‘ unsensiti.sed emulsion, 
then, the (*xcess of potassium iodide is adsorbed on the silver halide grains, 
and the smalkn' grains adsorbing relatively mon‘ than the larger ones art' 
retarded much mort', so that, naturally more st'nsitivt', tlu'y art' actually 
rendered less sensitive' than th(‘ larger grains. In the case of tlu* .sensitised 
emulsions tht' adsorln'd pota.ssium iodide has been removed and the relative 
sensitivent'ss of the large and small grains appears in its trut' light. As should 
be t'XfU'cted, the smallt'i-giaint'd t'mulsions show the greater speed. 

Svedbt'rg- has fount! that tht' pt'rcentage number of grains made develof)- 
ablt' after a certain expoMirt* inert'ases approximately exponentially as the 
cross section of tht' grains increases. lit' claims, howt'ver, that this rule holds 
only ft>r grains formt'tl undt»r vt'ry nt'arly the same contlitions, such as the 
grains within ont' and the same emulsion. He assumes that the product of the 
light action in the halidt' grain consists of small ct'ntt'rs distributed thru the 
grain, or thru the light-affected pait of the grain, according to the law\s of 
chant'c, and t'xplairis his exjx'rimental results in the following manner. 

“A certain grain will become develofied if it contains one or more develop- 
able centers. Now according to th(' laws of chance the perc('ntag<' probability 
for the occ'urrcnce of n centers in a grain is 

P„ = ioo ; (i) 

where v is the average numlior of centers per grain. Thus the percentage 
probability that the grain will contain at least one center is 

P=roo 


^ Gcrinann and Hylan: J. Am* Chem. Soc. l.c. 
’ Phot. Jour. 62, 186 (1922). 


( 2 ) 
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^'The haphazard distribution of the centers thus explains the fact that not 
all of the grains of a certain size are made developable by a certain exposure, 
or in other words, it accounts for the fact that the characteristic curve for a 
certain class of equally sized grains is not merely a vertical line. 

'If all the grains of an emulsion are built up of the same kind of light-sensi- 
tive silver bromide material, v in formula (2) will increase with the size of the 
grains and therefore also the percentage of developable grains, just as is found 
experimentally. The rapidity of the increase of v with size of grain would 
depend upon two factors: the ability of the developer to penetrate into the 
grain, and the homogeneity of the field of light in the grain. If the developer 
is not able to get into the interior of the grain, but only attacks the surface 
layer, then v would mean the number of centers in that surface layer and 
therefore v would increase in approximate proportion to the grain surface even 
in eases where the field of light in the grain was not homogeneous (because of 
strong light absorption). On the other hand, if the develoixjr is to penetrate 
the grain, v would depend upon the field of light in the grain. If the absorption 
of light were feeble, v would increase in proportion to the volume of the grain; 
if the absorption were very strong v would increase approximately proportion- 
ally to the cross-section of the grain. The percentage of developable grains 
would in these various cases increase exponentially as a function of either 
surface, volume, or cross-section of the grains.^^ 

We shall now explain Svedberg^s results on the basis of adsoiption, and 
point out some faults in his theory. He states that in the higher sized classes 
of grains the shapes were thin discs whose volumes were approximately pro- 
portional to the cross-section. Now’ specific surface is proportional to the 
ratio oi surface to volume, or expressed mathematically, 

s 

Specific surface =k - 

where k is the reciprocal of density. This may he written 

Specific surface = k s- ^ 

V 

from which we may state that sjx?cific surfa(‘e is inversely proportional to 
volume. Now adsorption is proportional to specific surface, and as develop- 
ability is an inverse function of the amount of adsorlx'd retarder, w’c may say 
that developability is an inverse function of specific surface, or a direct func- 
tion of volume. Hence we arrive at the same result as Svedberg, but from 
entirely different premises. The fault of Svedberg\s theory is that while the 
probability of any single grain being affected by light increases with the size 
of that grain, if we take equal weights of silver halide, which is essential 
in getting a fair comparison of the speeds of two emulsions, the prob- 
ability of some halide bcung affected is increased with the dispersity, as 
we have already shown. To prove his theory he submits photomicrographs 
of silver halide grains before exposure, and of the nuclei fonned from them by 
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partial development. It is to bo noted, however, that thc^se particles show no 
definite relation between the size of the orijii;inal grain and th(^ size or number 
of nuclei formed therefrom, as some of the smaller grains show nuclei while 
some of th(‘ larger ones show non<‘, and some of the small grains show large' 
nuclei while some of the larg(‘ grains show but small ones. 

Furthennore, since, as we have shown, the specific surface decreases i» 
proportion as the diameter of the grains increases, or as the sipian* root of the 
cross-section, assuming the grains to be spherical, it is quite likely that with 
increasing irregularity" in the shape' of the grains a condition is approache'd 
wdiere the specific surface would vary inversely as the cross section of the 
grains. Now developability is inversely proportional to adsorlied retarder, 
adsorbed retarder is pre)portional io specific surface', and the concentration 
function is a geuieralize'd paralxila. Hence we might i‘xpect that under the 
conditions assume'd above (U'velopability might Ix' a function of cross- 
s(‘ction, as Svedberg's experinv'iits seem to indicate, esix'cially as he claims 
that this holds true only ^‘for grains formed under V(*rv nearly the same 
conditions, such as the grains in one and the* same (‘inulsion,’' where adsor|>- 
tie)n cemditions wenild be* ieh'ntical. 

A flirt h<*r confirmation of our vie*ws is furnished by a method use'ii in 
se'nsitising autochronie* plate's^ It has Ix'cn found that a ve'rv small quantity 
of silve'r chloride in dilute ammonium hydreixide aelde'd to the* enthochromatis- 
ing bath increase'll by thirty times the se'nsitivc'nc'ss of the autochronie plates 
of igi2. The* cause is clear. The silve'r c'hloride' rea(-*ted with the pejtassium 
bromiele* or potassium iodide adsorbe'il on the silver halide grains, li'aving 
them fre'e*. 

On the' basis eif aelsorfition we* can explain, too, the* great ine*re*ase of sjx*e'd 
in a bromide* plate* partially ce)nve'rt(*el into iodide. Hi'nwick* says of this, 
^*When the* silve'r bromide* e^f a dry plate is convert e*el to iodide* the cl(*ar shar|> 
('dge'd crystals. . . atipare'utly Ix'coini' a more or le'ss e'onfused aggregate of 
eitlu'r amorpheais or micrei-crvstalline silver iexlide.” (T'arly the elispei*sity 
is greatly increase'd, and there* lx*ing an exci'ss eif silvi'r bromide over the 
soluble iodide the latter is practically e'litirely usi'd up, re'sulting in a ciystal 
surface on the* silver ioelide practically free from adsorlx'd re'tareler. 

We conclude, then, that, intrinsically, small-graine'd emulsions are faster 
than laigc-grained e'lnulsions; that variations from this rule are elue to ad- 
sorbe'il impuritie's, principally vsoluble haliele; that sufficient adsorbexi haliele 
may neHitralise or completely revei*se the purely dimensional effect of thc^ 
grains; and finally, that unle'ss one knows not only the relative grain size but 
also the relative amounts of adsorbed halide in the two (*mulsions it is impossi- 
ble to predict which will be the faster. 

For his kind assistance in the preparation of the photomicrographs we wish 
to express our appreciation to Prof, Rolx^t Canfield, of thi* Department of 
Civil Engineering. 

‘ Bull. Soc. frang. Phot.l^) Q, 90-92 (1922). 

* J, Soc. C'hem. Ind. 39 , 156T, (1922). 
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Summary 

1. It is shown that from purely theoretical considerations small-grained 
photographic emulsions should be faster than large-grained emulsions. 

2. The apparent variations from this rule are explained on the basis of 
adsorption of soluble halide. 

3. Adsorption phenomena being more accentuated in silver iodide than 
in other silver halides, a study of emulsions of this material is undertaken. 

4. Methods are described for preparing large-grained and small-grained 
emulsions. 

5. Among unsensitised emulsions the ones containing the larger grains are 
found to be the faster. 

6. Among sensitised emulsions the ones containing the smaller grains are 
found to be the faster 

7. It is concluded that, in ordinary photographic emulsions, owing to 
adsorbed impurities, it is impossible to formulate any relationship between 
grain-size and sensitiveness, but that among emulsions free from .adsorbed 
retarders the ones containing the smaller grains are the faster. 


Department of Chemmtrtjf 
University of Colorado 
Boulder^ Colorado, 



STUDIES IN ADSORPTION, PART VI 


A New Interpretation of the Schulze-Hardy Law and the Importance of 
Adsorption in the C'harge Reversal of Colloids. 


BY N. R. DHAR, K. C. SKN, AND S. OHOSH 

Adsorption and Schulze-Hardy Law 

In some reccmt papers w^e had occasion to study the coajrulating power of 
different elect r(»lytes on manganese dioxide* sol and also the adsorption of 
electrolytes by hydrat(‘fl manganese dioxide both in course* of pre(*ipitation 
and as well as i)y freshly precif)itated and air dried solid free from all impuri- 
ties.’ It has be(*n shown in these communications that in the coagulation of 
manganese dioxide sol, the Schulze-Hardy Law which establishes a relation 
between th(‘ coagulating power and the valen(‘y f>f tlu* coagulating ion is but 
partially folU)w<'d. It has also been definitely proved experimentally that in 
th(‘ adsorption of various el(‘ctrolytes by precipitat(*d manganese dioxide the 
ions most effective in coagulation are h^ast, ads<>rb<*(l. Thus the coagulating 
pow(*r of silv(*r ion is about i 5 of that of mercuric ion, wh(*reas its adsorption 
by precipitated manganese dioxide is alxuit six times that of mercuric ion. 
Similar results luive also lK*<»n found with the air dri(*d sample. 

From a survey of tlu* literatim* on the subject we find that up till now the 
Schulz(*-Hardy Law has not In'cn righti}' interpret(*d in t*xplaining the experi- 
mental r<‘sults on coagulation and adsorption. In this paper we have given a 
new interpr(*tation of the above Law and we are of opinion that our interpre- 
tation can consistently explain the experimental r(*sults on coagulation and 
adsorption. In this connection we have also discussed the qu(*stion of charge 
reversal from gi*neral principlt*s based on experim(*nts on adsorption. 

The r(‘lation lK*t ween the valency of ions and their (*oagulating powers have 
formed the subject of a large numbt*r of investigations. Experiments on these 
lines l(*d to the gc'iieralisation known as Sclmlz(*-Hardy Law nam(*ly the higher 
th(‘ valency of an ion the gr(‘ater is its precipitating action. The res('arches 
of Linder and PictorF on colloidal ai*senious suli)hide lent powerful corrobora- 
tion to this Law. 

The actual nature of coagulation of a sol b\' electrolytes is still obscure. 
Many workers in this field have sought to explain the mechanism of the 
coagulation process on the assumption that the addition of electrolytes 
destroys the potential of the Helmholtz doubU* layer, which exists Ix'tween 
the suspended particles and the medium. The theory w^hich is now generally 

* Compare Ganguly and Dhar: J, Phys. Chem. 26 , 701, 836 (1922): Chatterji and 
Dhar: Kolloid-Z. 33» 18 (1923.) 

* J, Chem. Hoc. 67 , 63 G895). 
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accepted is that of Freundlich* who assumes that preferential adsorption of 
one ion of the electrolyte by the colloid particles neutralises the charge carried 
by them and thus destroys wholly or partially the electrical double layer. 
These neutral particles come in contact with each other due to surface forces 
and, since the surface energy of a system always tends to diminish, they form 
bigger pailicles and are thus coagulated. Experimental support to this 
theory was obtained from linder and Picton^s work on arsenious sulphide sol, 
who observed that when colloidal AS2S3 is coagulated with a solution of 
barium chloride, the filtrate becomes acidic and an appreciable amount of 
barium is carried down by the coagulated mass. This selective adsorption of 
ions from an added electrolyte bj^ sols has been observed by many workc^rs. 
Whitney and Ober^ carried out some quantitative determinations of the 
amounts of certain ions adsorbed by colloidal AS2S3 in course of precipitation 
and concluded that the amount of an ion carried down by a colloid is inde- 
pendent both of the concentration of the colloid and electrolyte; and that 
equivalent amounts of different ions are carried down by the same weight of 
the precipitate. This simple relation was very suggestive and on the basis of 
these experiments by AVliitney and Ober and on his own work on the adsorf)- 
tion of several organic ions, Freundlieh^ assumes that, in the coagulation of a 
colloid, equivalent amounts of precipitating ions are carrit'd down by the same 
weight of colloid. From this assumption he deduced that the most readily 
adsorbed ion precipitates in the lowest concentration and vice-verm. In order 
to test his views Freundlich made some experimemts on th(‘ coagulative power 
of several electrolyses on colloidal arsenious sulphide and their adsorption by 
the colloid in the course of its precipitation. 

He used the following electrolytes: — 

Aniline hydrochloride, morphine hydrochloride, para-chlor aniline hydro- 
chloride, strychnine nitrate, new magenta, uranyl nitrate, ceTic nitrate, etc. 
In all cases the adsorption was comparatively small and V)y comparing the 
adsorption isothei-ms for different salts with the coagulating powers of the 
same salts, considerable variation was observed. Thus the coagulating power 
of strychnine nitrate was far less than that of aniline hydrochloride, para- 
chlor aniline hydrochloride and morphine hydrochloride; but the adsorption 
of strychnine nitrate by the same amount of coagulated A82S3 was consider- 
ably greater than that of any of them. Again the coagulating power of para- 
chloraniline hydrochloride was 2.5 times greater than that of aniline hydro- 
chloride; but the adsorption isothenns practically coincided throughout, 
showing that aniline hydrochloride which had a less coagulating power was 
also equally adsorbed. Further in the (‘ase of uranyl and cerium ions he found 
that the amount adsorbed in milli-cquivalents was about thiHy percent more 
for uranyl ion than for ceric ion, though the coagulating power of ceric ion was 

' Kolloid-Z. 1, 321 (1907). 

* J. Am. Chem. Soc. 23 , 842 (1901). 

* Kolloid-Z. 1, 321 (1907). 
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about nine times greater than that f)f uranyl ion. FreuridlichV further experi- 
mental work on the adsorption and coagulating power of an ion on a sol shows 
greater divergence between these two factors. 

Freundlich and Schucht^ determined the precipitation value for colloidal 
mercuric sulphide and the amount of adsori>tion in the region of j)recipitating 
concentration. The adsorption was determined for metallic cations NH4, Ag, 
Ba, Cu and Ce, and for dy(‘ cations N(*w Magenta, Brilliant Green, Auramine 
and Methylene Blue. The results are given in the following tabk^:— 


C'at ions. 

Prccipitiition value. 

Adsorption at 
precipitation 
value. Milli- 
equivalents 

NH, 

10.2 

•05) 

Ba 

• 5 ^ 

.044 

Cu (Cu(NOh),) 

• 

•03 

Cu (Cu SO,) 

. 26 

. 22 

Ag. 

.28 

.02 

Ce 

.082 

.012 

Auramine 

.OQ4 

.01 I 

New Magenta 

.097 

.008 

Methylene Blue 

.097 

.007 

Brilliant Grmi 

.048 

.004 


A perusal of the table shows that the results disprove th(* assumption that 
equivalent amounts of ions are ad.sorlxHl at the precipitating concentration. 
Freundlich recognised this fact but h*' attribiiUnl the variation to the difficul- 
ties and errors of exjx'riments. It should at once be pointed out that assuming 
the correct-nes.s of the results obtained* the data show a remarkable fact that 
the ion having the greatest precipitation value is also adsorbed most and tw- 
versa. This conclusion is exactly the opposite of that of Freundlich. 

In order to further study the relationship between the coagulating power 
of ions and their adsorbs bility by a sol, Ishizaka in Freundlich \s laboratory® 
made some experiments on the adsorption and coagulation of colloidal alum- 
inium hydroxide. By examining the isotherms in which the adsorption values 
are expressed in moles the order of adsorption of anions appears to be salicy- 
late > ferrocyanide > oxalate > chromate > tartrate > sulphate > chloride 
> nitrate > thiocyanate > sulphanilate, while the coagulating powers are in 
the order of ferrocyanide > sulphate > o.xalatc* > tartrate > chromate > 
salicylate > chloride > nitrate > thiocyanate > sulphanilate. These 
results indic^ate that ions of greater valency have high coagulating value and 
at the same time they are highly adsorlx'd. Kecent experinu»nts, however, 
of Weiser and Middleton* on the adsorption of ions by aluminium hj^droxide 
sol are not in agreement with the above. These results will be discussed later on. 

‘ Z, physik. Chein. 85, 641 (1913). 

* Z. physik. Chem. 83, 97 (1913). 

* J. Phys. Chem. 24 , 630 (1920). 
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In a recent paper Gann^ determined a few adsorption values for the pre- 
cipitation of aluminum hydroxide sol. Only five ions were examined and the 
object of the experiment was to test Freundlich^s theory that equivalent 
amounts of ions are adsorbed at precipitating concentration. The following 
table gives the results: — 

Ion. Precipitation value Adsorption 

Millimole f)er litre, value at precipitation concentration. 




In Millimoles. 

In Milli- 
oquivalcnt 

Salicylate. 

8 

30 

30 

Picrate. 

4 

.18 

.18 

Oxalate., 

•36 

.18 

-3b 

Ferricyanide. 

. 10 

.09 

.27 

Ferrocyanide. 

.08 

*073 

.29 


If we consider the results given in column 3, viz., amount of adsorption ex- 
pressed in millimoles we immediately find that the greater is the precipitation 
value of an ion the gi’eater is the absolute amount of adsorption. Moreover, 
another interesting fact is also observed that the greater is the valency of an 
ion the less the absolute amount of adsorption. Thus in this case the valencies 
of the ions varying from four to one show a variation in the absolute amount 
of adsorption from .073 to .30 millimole. 

In recent years Weiser^ and his collaborators have studied the adsorption 
of various ions by precipitating barium sulphate, aluminium hydroxide, and 
ferric hydroxide in presence of excess of several salts. From the results of 
their investigations the order of adsorption of ions by precipitating BaS04 is 
ferrocyanide > nitrate > nitrite > chlorate > permanganate > ferricyanide 
> chloride > bromide > cyanide > sulphocyanat(» > iodide, the ferro- 
cyanide ion being adsorbed the most and the iodide the least. If the adsorp- 
tion values given above are (expressed in gi*am anions instead of gram equiva- 
lent anions the order bec^omes nitrate > nitrite > chlorate > ferrocyanide > 
permanganate > chloride ferricyanide > bromide > cyanide > sulpho- 
cyanidc > iodide, the nitrate ion being adsorlx^d most iodide the lejist. Weiser 
and Sherrick (loc, ciL) remark that there is nothing even to suggest the 
Schulze-Hardy Law in the case of barium sulphate as an absorl)ent. It will, 
however, be observed here that in the latter method of tabulation both the 
ferrocyanide and ferricyanide ions are considerably less adsorbed than many of 
the monovalent ions though their valencies are higher. 

In the second of the series of papers Weiser and Middleton (Joe. ciL) deter- 
mined the adsorption of several anions by precipitating a ferric hydroxide sol. 
This work is interesting from another point of view. The adsorption values 
have been determined at the precipitating concentrations of electrolytes and 

‘ Kolloid-Chem. Beiheftc. 8, 63 (1916) 

* J. Phys. Chem. 23, 205 (1919); 24, 30, 630 (1920); 25, 399 (1921). 
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as such a comparison can be made between the coagulating power of the 
electrolyte and the amount actually adsorbed by the coagulating mass. Tlieir 


results are given in the following table: — 



Anion. 

Adsorption value 

Milligram Milliequivalent 

anioms. anions. 

Precipitation 

^^alue 

Phosphate. 

•5721 

1.7165 

00 

Citrate. 

.5018 

I . 5046 

. 500 

Tartrate. 

.6232 

I . 2464 

• 47 '; 

Oxalate. 

• 43<^4 

9128 

•525 

Sulphate. 

.3804 

• 7609 

4^5 

Iodate. 

•7512 

•7512 

.600 

Dichromate. 

•1559 

•3130 

.200 


In the discussion of th(‘ir results the above authors remark: ‘^Froni the table 
it will be seen that all the ions are strong^ adsorbed by hydrous f(‘rrii‘ hydrox- 
ide; the amounts varying in millie<iuivalents per gram from approximately 
.3 in the eas(' of dichromate to 1.7 in the ease of phosphate ion. The average 
adsorption value in milliequivalents p(‘r gram of arsenic trisulphide was 
found by Whitney and Ober and by Freurullieh to be approximately .08; and 
the average value per gram of nu'reurie sulphide was but .02. The v^alues for 
hydrous ferric oxide* show eh*arly that the amounts of ions carried down by a 
precipitated colloid an* not equivahmt. As a matter of fact the actual varia- 
tion in the values is I(‘ss than that noted by Freundlich with riKTCuric sulphide; 
but he attribut<*d the variation from equival(*nts to the* analytical difficulties 
connected with the determination of v(*ry small adsorption values. The 
relatively large adsorption valuers in the case of hydrous ferric hydroxide and 
the accuracy with which they may Ik* d(»tc‘rmined indicate conclusively that 
the values are not even ap[m)ximately the same. As t)efore explained other 
conditions remaining the same equivalent amounts must be adsorbed to 
neutralise the charge on the colloidal particles; but the adsorption does not 
stop with the neutralisation of the charge and the amounts actually carried 
down by the precipitate will vary with the adsorbability of the ions. 

‘Tf the ions are arranged in the order of their adsorption values expressed 
in milliequivalent anions per gram of adsorbent the following series is obtained: 

^Thosphate > citrate > tartrate > oxalate > sulphate > iodate > 
dichromate, the phosphate being adsorbed the most and the dichromate the 
least* The precipitation values expressed in milliequivalent per litre would 
indicate the order of adsorption to be: 

^T^ichromate > tartrate > sulphate > oxalate > citrate > iodate > 
phosphate. It is evident that there is a tendency for ions with the lowest 
precipitating values to be adsorbed the least and vice-versa^ which Ls diametri- 
cally opposed to what one should expect. Since the ionisation constant for the 
third step in the ionisation of both citric and phosphoric acids is very small it 
might seem preferable to consider them as dibasic acids rather than tribasic. 
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The only change that this would make in the series of adsorption values would 
be to put tartrate ion ahead of citrate and phosphate ions, the series becoming: 

Tartrate > phosphate > citrate > oxalate > sulphate > iodate > 
dichromate. 

Under these conditions the precipitation values would indicate the order 
to be — 

Dichromate > citrate > tartrate > sulphate > oxalate > phosphate > 

iodate/^ 

In the third paper Weiser and Middleton (ioc. cit,) have made a quantita- 
tive detennination of the coagulating power as well as the adsorption of 
several ions at the precipitating concentration by colloidal aluminium hydrox- 
ide. A few of the results are given below: — 


Anion. 

Ferrocyanidc. 

Ferricj'anide. 

Sulphate. 

Oxalate. 

Phosphate. 


Precipitation value 
Millimoles per litre 

.094 

•133 

.269 

’350 

. 34 ^> 


Adsorption 
per gram AKOs 
Milligram anion. 

.3202 

.4046 

.4084 

•5710 

.8088 


It will be seen from this table that the order of adsorption is phosphate > 
oxalate > sulphate > fcrricyanide > ferrocyanide the phosphate ion being 
adsorbed the most and the ferrocyanide the least. Arranging the ions accord- 
ing to their coagulating power the series becomes, ferrocyanide > fcrricyanide 
> sulphate > phosphate > oxalate, ferrocyanide having the greatest coagu- 
lative power and the oxalate the least. It is evident from these results that 
ions having the greatest coagulating power are the l(*ast absorbed; thus the 
tetravalent ion f(‘rrocyanide has a high coagulating power and at the same 
time is the least absorbt'd. These results further show marked variation from 
those obtained by Freundlich and Lshizaka {loc, cii), Weiser and Middleton 
commenting on results of Freundlich and lshizaka point out that it is very 
unsafe to draw conclusion from adsorption data where the amount of adsorp- 
tion is v(Ty small as has been obtained by lshizaka with *‘grown’^ alumina 
( .002 to 055 millimole per gram). Further it may be remarked here that the 
adsorption values for colloidal aluminium hydroxide were determined above 
the precipitation concentration. Freundlich and lshizaka themselves con- 
cluded that “smaller concentrations should have been used in the determina- 
tion of these adsorption valiK^s such as were used in the determination of pre- 
cipitation values^\ It will be obvious from these considerations that the 
series obtained by Weiser and Middleton (loc, dt) and by Freundlich and 
lshizaka {loc, cit.) should differ materially as the adsorption values were 
determined under different (joncentration of the electrolytes and under differ- 
ent conditions. 

It has alreadj’^ been stated that in our own experiments on the coagulation 
of manganese dioxide sol and on the adsorption of ions by precipitated manga- 
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nese dioxide we have noticed that, in general, ions of higher valencies having 
greater coagulating powers are adsorbed less than the ions of lower vahTicies. 
It is now desirable to analyse the actual experimental results obtained by us 
in details especially as the data obtained by Weiser and his collaborators 
confirm the conclusions we have arrived at from our own experiments. 

It may be noted here that, up to this time, almost all researches on direct 
adsorption by a solid adsorbent have been performed with charcoal; but it is 
well known that ev(‘n if charcoal be prepared from one sourer* its composition 
cannot be made constant. Thus cocoanut charcoal, which has }>een v(Ty 
largel}’' user! for adsorption <*xperiments difTers in <*omposition and impurities 
according to the manner and source from which it is ))repar(*d. FiVen the 
temperatun* at which carbonisation is carried out has V(*ry great infiuen(;(j on 
the adsorptive power of charcoal. Again it, is extremely difficult to get the 
substance with particles of uniform size, which condition is of priniary irnpor- 
tanc(’ in the surface phenomenon. Charcoal, therefore, appears to be not at 
all suit(‘d for the investigation of the problem with a view to the formulation 
of the laws of adsorption. 

In the following table results of adsorption of some electrolytes by ch(‘m- 
ically pun* and air-dried hydrated mangan(*se <lioxide are given. In all ca.ses 
it has be(*n observeal that mainly the cations an* adsorbed by the .solid. 


Electrolyte. 

Strenifth of the 
solution. 

AiT*ount ftdsorlx’d in 
inillieqin valent per 
>»ram MnO.. 

Mnd. 

• 5N 

.618 

ZnSO, 

•SN 

•S54 

(’ tlS (>4 

..sN 

1 -4 <'3 

( 'u( la 

.48 N 

• 9<>3 

Ni(NOj)5 

• ^ X 

.381 

Potash alum 

.48 N 

.2-2 

F«S(S 04)3 

.46 N 

.272 

Th (NOo )4 

.48 N 

.581 


Arranging the ions in order of their adsorbability and beginning with the one 
most absorbed, the following series is obtaine<l:~ 

(Ti > Till > Mn > Th > Ni > Fe, Al. In another set of exf)(*riments the 
following series is obtained: — 

Ag > Cu> (\l > Zn, Mg > Ba > 8r, (^a > Al. 

In the following table results obtained by the adsorjition of electrolytes bj' 
hydrated Mn02 in course of precipitation are given: — 


El('etrol,^"te 

Amount adsorbed in 

Eleetrolvte. 

Amount adsorlnnl in 

C'one«r 5 /i 

Mil]u*quivalents imt gram 
MnO, 

Ctmc == N/i Millie(piivalent« ptT gram 
MnO, 

ArNO, 

6.107 

ZnS04 

•431 

NaCl 

2.876 

Ni(NO,), 

•S03 

LiCl 

1.382 

FoCL 

1*234 

CdS 04 

.800 

Potash Alum 

.082 

CuSO, 

1. 150 

U 0 ,(N 04 )* 

.293 

BaCl, 

•594 

Th(NO.,). 

.096 
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Examining the above table the order of the ions according to their adsorption 
becomes Ag > Na > Li > Cu > Cd > Ba > Ni, Zn > UO* > Th > AL 
It- will be observed from these quantitative results that many ions of lower 
valency are more adsorbed than ions of higher valency. Thus the monovalent 
silver, sodium, and lithium ions are more adsorbed than any of the bivalent, 
trivalcnt, or tetravalent ions. Again the trivalent ion aluminium is far less 
adsorbed than most of the bivalent ions. These facts show that the ions of 
higher valency, which in general have greater coagulating powers are adsorbed 
the least. This conclusion arrived at from a careful scrutiny of the experi* 
mental results of different investigators as well as of our own is in direct 
opposition to the view hither to held, notably by Freundlich and Weiser, 
Bancroft in his article on precipitation and peptisation^ has interpreted the 
Schulze-Hardy Law in a peculiar way. “While it is generally true that an ion 
of higher valence will be adsorbed more strongly than that of lower valence, 
this so-called law of Schulze-Hardy is only a first approximation, and should 
be considered only as a guide. Again on page ii he says “Whilst there is 
unquestionably a tendency for ions of a higher valence to be adsorbed more 
strongly than ions of a lower valence, the experiments which have been cited 
show that there are many exceptions and that the fundamental rules is that 
adsorption is specific both as regards the adsorbing substance and the ion 
adsorbed’’. . . . The above view has been accepted b}'' Ix^wis^. There arc 
two statements in the above quotation which require some comment. From 
the experimental results already cited it is clear that there is absolutely no 
justification in holding the view that ions of higher valence are adsorbed to a 
greater extent than those of lower valence. On the contrary the results show 
that ions of lower valence are adsorbed more than those of higher valence, and 
it seems to us that the real explanation of the Schulze-Hardy Law rests in the 
recognition of this fact. Since the coagulation of an equal amount of a colloid 
by ions of different valencies, is at first an electrical phenomenon, it will l)o 
clear that for the electrical neutralisation of a fixed amount of any colloid the 
absolute amount of ions, expressed in gram molecules, necessary in the case 
of monovalent ions will be greater than that of di- or tri-valcnt ions, simply 
because the net charge on a di- or tri-valent ion is greater than that of a mono- 
valent ion. It will be apparent, therefore, that for one purely electrical 
neutralisation by adsorption, the greater the coagulating power of an ion, the 
less will be its adsorption. In our opinion, therefore, up till now, the real 
significance of the Schulze-Hardy Law has not been clearly perceived. 

The few apparent deviations from this rule can be easily explained. In the 
coagulation of a colloid there are two distinct steps in which adsorption occurs. 
The first step is the electrical neutralisation of the charge on the colloidal 
particles through adsorption of an ion carrying a charge opposite to that on 
the sol and only here the Schulze-Hardy Law is applicable. The adsorption ^ 
however, does not stop there, but the coagulated particles further act as an 

1 Second B. A. lleport on Colloid Chemistry, p.8. (1918). 

* System of Physical Chemistry 1, 348 fi92i). 
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adsorbent, taking up an additional amount of the electrolyte or ion. The 
amount of this second adsorption will depend on the adsorbability of the 
electrolytes or ions and the nature of the coagulated mass concerned and hence 
the final amount of adsorption may have any value' depending on the above 
factors. The Schulzc'-Hardy I.*aw cannot be rigidly appli(‘d to tliese cases. 
If the adsorption by the neutral particles is not appreciable, then the 
Schulze-Hardy Law is lik(4v to 1 h' followed; but if the neutral particles can 
adsorb the ion or the electrolyte appreciably, complications will arise? and the 
Schulzc'-Hardy Law may not be afiplicable. The existence' of the'se two steps 
in adsorption has l)een recognisenl by Weiser anel his collaborators (loc. at.) 
whej have emphasise'el that in the' de'te'rininat ion of aelsorption by a e*e)agulating 
colloid the' amount of aelse)rption by the aggloinerate'd particle's must he taken 
account of. It will thus bo observed that the inte'rpretation e>f the Schulze- 
Harely Law advance'el in tins i)ap<‘r is in agre'oment with e'xperiinental results, 
and it e‘xplains in a consistent inanne'r the fai't that in majority e)f case's an ion 
with the* greatest coagulating powe*r is le'ast adsorbeel. 

Bancroft (loc. cit.) has state'd that ie)ns of higher vale'iicy are a<lse)rbed 
^*me)r(‘ strongly” than ions e)f lowe*r valenicy. We are* ne)t aware of any elirect 
pxpe'rime'nt in which the* attractive' foire by which an adsorbe'd ion is retaine'el 
l)y the' coagulated mass has been de'te'rmine'el. More'over the* aelsorption proce?ss 
is practically instantane'ous in the maje)rity e)f case's inve'stigate'd. Linder and 
Picton' have sheiwn that whe*n ars('nie)us sulphiele is pre'cipitate'd by barium 
chle)riel(‘ eir stremtium e'hleiride*, eaily a small pe)i*tion of the nu'tallic radie'al 
is aelseirbe'd by the* coagulate'd sulphiele. If the* pre'cipitate' containing the 
adsorbe'd salt is shake'ii with [)e)tassium or soelium chloride, the adsorbed metal 
is displae'e'el l)y senliuin or pota.ssium anel come's e)ut in the solutiem which can 
be teste'd. This she>ws that the* bivale'nt barium is noi adsorbed more stre)ngly 
than the univale'nt pe)tassium or seielium and this is e*e>ntrary te) Bancre>ft’s 
view. We have founel that hvilrateel rnangane'se dioxide e*ontaining some ad- 
se)rbe‘d cejppc'r or any e)ther metal lease's the iiu'tal when shake*!) with pe)tassium 
or soelium chloriele* e)r with the* aejueotis solution of any e)ther e'lectrolyte*. This 
pheneunemon is e)f gene'ral oe'ciirrence*. Tlu'se re\sults inelie*ate' that in the* pre'semt 
state of e)ur kne>wle'elge of the* phe'nennene)!) e>f aelsort)tion, we canne)t say with 
precisk)!) whi'the'i* one ion is aelsealx'd “more stre)ngly” than ane)ther, when the 
adse>rption is of the same* tyf)e. 

It may be of intere'st at this stage to e*onsider the qiu'stion of minimal con- 
ce'ntration of an elect re)h te ne'cessary to coagulate a se>l. It is well known that 
a certain minimum concentration of electrolyte is necessary to coagulate a 
pven amount of a colloiel, though a small percentage of the aelde'el eU'ctrolyte 
at the minimal concentration is actually used up in coagulating the sol, the 
major portion of the electrolyte remains imadsorbed. No satisfactory expla- 
nation of this fact has yet been given. It is cc'rtainly interesting that a mini- 
mum concentration of an electrolyte would be necessary for the precipitation 
of a colloid, when the actual amount required for the coagulation is far .less 
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than the so-called minimal concentration. In order to understand this process 
it is necessary to take recourse to certain kinetic consideration. 

It is well known that in explaining the finite velocity of ordinary chemical 
reactions in homogeneous medium it is assumed that all the molecules of the 
reacting substances are not in the same state of reactivity. At any instant, 
only a very small portion of them are reactive, and these active molecules or 
ions determine the velocity of the particular reaction at a certain temperature^ 
We can conceive therefore, that all the ions from an added electrolyte and 
carrjdng a charge opposite to that on the sol are not in the same state of activa- 
tion, and that only the active ions can be adsorbed by the sol and are capable 
of precipitating it. Hence a minimal concentration of an electrolyte moans 
that concentration where the amount of active and consequently of adsorbable 
ions is just sufficient to precipitate the sol. In order, therefore, to explain the 
experimental results on adsorption we have to assume that only a few percents 
of the ions carrying a charge opposite to that of the sol are active as far as 
precipitation of the sol is concerned and that the active portion of the ions is 
adsorbed by the solin course of its precipitation. 

It is an experimental fact that with the same weight of a solid adsorbent, 
the greater the concentration of the solute, the greater is the adsorption. On 
the addition of a small amount of an electrolyte to a sol, only a certain per- 
centage of the ion carrying a charge opposite to that of the sol will l>e adsorbed 
by the colloidal particles depending on the concentration of the add«Kl electro- 
lyte. If the particles of the sol are of uniform size, fractional precipitation of 
the sol is not likely to occur, because the uncharged colloidal particles carrying 
the adsorbed material may come in contact with the neighbouring charged 
particles and are likely to form bigger particles in combination with the charged 
particles. Because of their charge and of their Brownian movement, these 
bigger particles, though now more unstable, will still remain in suspension. 
Hence the presence of charged particles is likely to exert a peptising influence 
on the neighbouring uncharged ones. Gradually the concentration of the 
added electrolyte is increased and with it the amount of adsorption of the 
precipitating ion is also increased. At the minimal concentration, that much 
of the pi ecipitating ion is adsorbed which is required for the complete neutral- 
isation of the electric charge on the colloid particles. 

There are some apparent deviations from the simple case discussed where 
the particles of the sol are assumed to be of uniform size. In the case of col- 
loidal sulphur, mastic, etc., fractional precipitation by electrolytes is possible, 
because all the particles in the sols are not of the same size and consequently 
of the same degree of stability. Thus Oden* obtained particles of different 
size on fractional precipitation of a sulphur sol. Moreover, Murray* has 
obtained particles of mastic of different siz(js by fractional precipitation of a 
sol by means of hydrochloric acid. These facts show that in the colloidal solu- 

’ Of. Dhar: J. Chem. 800. Ill, 745 (1917). 

*KoUoid-Z. 8, l86 (19U). 

^ Phil Mag. August, 401 (1922). 
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tions of these substances, particles of different sizes arc present. From our 
experiments on the adsorption of sols with precipitated BaS04, we have ob- 
served that the larger the particle the less is its stability and sols containing 
large particles are readily adsorbed and precipitated by Ba SO4. Hence 
fractional precipitation of a sol on the addition of an edectrol^^-e is likely to 
take place in those cases where the particles of the sol are not of uniform size 
and consequently of different degrees of stability. 

From a critical survey of our own experiments as well as of the existing 
data on the effect of concentration of a sol on its coagulation by electrolytes, 
we have shown in the foregoing paper of this series that the greater the con- 
centration of a colloid, the greater would be the amount of an electrolyte 
necessary to coagulate it, irrespective of the valency of the precipitating ion. 
This generalisation is also supported by the experimental work of Weiser and 
Nicholas*. It is also well known that emulsions behave like sols in most 
respects. Hence it is very likedy that this simple rule n^garding the effect of 
coneeotration of a sol on the coagulating power of an electrolyte should also 
hold in the case of emulsions.’ 

Charge Reversal of Colloids 

In the foregoing pap(*r^ of this s(Ties it has been shown that freshly precip* 
itated ferric hydroxide wh(*n shaken with the solution of arsenioiis acid passce 
into a negatively charged colloid. In the same paper it has also been observed 
that in presence* of prot(‘cting substances like glycerol, cane sugar, grape 
sugar, etc., ferric hydroxide, cobalt hydroxide*, cupric hydroxide etc., can be 
f)e*ptised and can be made* to take* up negative charge. By the gradual 
aeldiiion of an alkali to a mixture of ferric chloriele* and gijTere^l oi sugar 
there are three elefinite stage's through which the cedloiel passes— first it 
lK»comes positively charge'd, then cejagulat ion occurs on ncaitralisation cf iff 
change and finally it passes into a negatively charged colloid. This order 
can 1 k» changed by the addition of suitable electrolytes. 

In another part of this series of paix'rs it has been observenl that freshly 
precipitated ferric hydroxid(* passes into a iK'gatively charged sol when shaken 
with aqueous solutions of sodium arsenite, sodium oxalate, sodium tartrate, 
sodium citrate etc. 

Recently we have observed that when ferric hydroxide is precipitated in 
the cold by mixing ferric chIori<le and ammonium hydroxide and washed with 
distilled water till the filtrate is free from chloride, the f(*rric hydroxide can 
pass as a negatively charged sol due to the adsorption of OH' ions from am- 
monium hydroxide. In other words ferric hydroxide can very readily pass 
into a negatively charged colloid. Moreover, it is well known that in the 
ordinary methods of preparing the sol we get a positively charged colloid. 
These facts immediately point to the influence of the medium on the nature of 

* J. Phyfi. Chem. 25, 742 (1921). 

* Compare, however, Bhatnagar: J. Phys. Chem. 25, 735 (19^*). 

» Kolloid-Z. (1923). 
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the electrical charge carried by the colloidal particles. The presence or ab- 
sence of certain kinds of ions in the medium accounts for fche nature of 4he 
electric charge on the particles of the sol. In a foregoing paper^ we have 
emphasised the view that the amount of adsorption of an ion by an adsorbent 
is a fundamental factor in charge reversal. Valency of the ion in question is 
only important when it implies the amount of charge on an ion, because in 
order to have reversal of charge the colloid needs adsorb only a small amount 
of ions of higher valency in comparison with ions of lower valency. Hence if 
the amount of adsorption is great, a monovalent ion can reverse the charge on 
a colloid. Thus hydrochloric acid has been found to reverse the charge on 
antimony sulphide sol, similarly sodium hydroxide or potassium hydroxide 
can reverse the charge of ferric hydroxide peptised by sugar or glycerol. 

It has already been stated that freshly precipitated hydraled manganese 
dioxide can adsorb a large amount of silver ions from silver nitrate. It has 
now been observed that monovalent silver ions can reverse the charge on 
colloidal manganese dioxide, consequently it is apparent that those sols which 
are likely to adsorb markedly monovalent ions like Ag*, Hg’ (ous), should 
undergo charge reversal in the presence of th('se ions. We have repeatedly 
observed that fr(\shly precipitated ferric hydroxide is a very good adsorbent 
and it has been found out that it adsorbs l)oth acids and alkalies. From equiva- 
lent concentrations the amount of adsorption for an acid is much great (t than 
that for an alkali, because Fe(OH )» is more basic than acidic. It has also been 
found that it markedly adsorbs mainly the acidic portion from t<h(‘ solutions of 
salts like sodium oxalate, sodium arsenite, sodium phosphate, sodium citrate, 
sodium tartrate, etc., and that it is impossible to free ferric hydroxide from 
these substances even by repc^ated washing and it has been conclusively 
shown that these electrolytes charge freshl}" precipitated ferric hvflroxide 
negatively. It is also well known that these salts form complexes with ferric 
ion. It is certain, therefore, that a neutral substanc(‘ like ferric liydroxide can 
pass into a positively or n(*gativ(dy charged sol according to the amount of 
adsorption of a positive or a negative ion. Kec(U)tly Weiser^ has shown that 
freshly precipitated cupric hydroxide when shaken with solutions of K(T, 
Nad, adsorbs the acid portion leaving the filtrate's alkaline. 

In this connection it is of interest to note that those substances which can 
form complex salts with the adsorbent are likely to be adsorbed mo.st. Thus 
Ishizaka (loc. dt) has shown that potassium salicylate, potassium ferro- 
cyanide and potassium oxalate are adsorbed most by a sol of aluminium 
hydroxide. Similar results are obtainable with ferric, hydroxide. Evidently 
the phenomenon of adsorption is most marked when there is some sort of 
chemical affinity between the adsorbent and th(' substance which is being 
adsorbed. 

‘ J. Phys. Chem. 27 , 376 (1^23;. 

* .J. Phys. Chem. 27 , 301 (1923}. 
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We have already proved^ that hydrated manganese dioxide is a good 
adsorbent and it has been found that it adsorbs mainly the basic portion from 
salt solutions and very small portion of the negative? part is adsorbed. It also 
adsorbs both hydrogen and hydroxyl ions and from the following results it will 
be seen that for equivalent concentrations the hydroxyl ions are more ad- 
sorbed than hydrogen ions. 

Solution uw'cl. 

Sulphuric acid. 

Acetic acid. 

Sodium hydroxide. 

Sodium hydroxide. 

Potassium hydroxide. 

Pot assium hy ( lroxi( le . 


Amount of H* or OH' 
pr<*s(»nt <iriffinally 

,0004 Kf* of ir 
.0162 gr. of H' 
017 gr. ofOH' 
.034 gr. of OH' 

017 gr. of oir 

.034 gr. of OH' 


Amount of H' or oH' 
mlsorbed. 

0003 gr. of H* 
0003 gr. of H‘ 
008 gr. of OH' 
on gr. of OH' 

. 008 gr. of OH ' 
oil gr. of OH' 


It appears, therefore, that hyrirated manganese^ dioxide whi(*h behaves like 
manganic acid H^MnO^, and is also acid to litmus, can adsorb large quantities 
of OH' ions because an acidic sulistance naturally has a great affinity for OH' 
ions. Incidentally we should like t(» mentifin that our exptTirnental results 
carried on with cliernicully pure absorbents are in entin* disagn'enient with 
the views ex[)ressed by ()<len and Anderssou" on the nature* of the decomposi- 
tion of an electrolyte by adsorption. It is (^vidcMit that a neutral substance 
having a large surfae(* will adsorb gas(»s and licjuids and that is why substances 
are copiously adsorbed by charcoal. When .solutions of (i(*ctrolytes are 
shaken with charcoal, both tlie acid and basic portions an' adsorbed and con- 
sequently no qiK'stion of change of electric condition of the adsorbent ari.s(\s. 
If then' is some sort of ehemieal affinity between charcoal and the substance 
which is Ix'ing adsorbed, tlu' result will be more marked. In Wc'i.ser and SIkt- 
rick’s experiiiK'iits (loc. cit,) on tin* atlsorption of substances by BaSO^ in the 
course of precipitation it is found that (hose ions which form sparingly soluble 
barium salts are adsorbe<l most, because sparingly soluble salts are more allied 
to barium sulphate. 

We have (»bserved that pure silica, when carefully washed with hydro- 
chloric acid and fret'd from the acid by repeated w^ashing, is shaken with salt 
solutions like CUS04, NiC'lj, alum, etc., can adsorb the basic poilion from 
these salt solutions. The adsorlx'd substance cannot bo removed by washing. 
We have also observed that the basic |K>rtion adsorbed l)y hydrated manganese 
dioxide from substances like BacU, CUSO4, NiCh^, alum, AgN().s, etc., cannot 
be removed by washing, whilst the basic portion adsorlx^d by hydrated Mn02 
from NaCl, KCl, etc., can Ix' slowly but completely removed by washing. 
Consequently the adsorption of basic portion of sulxstances like CuS04» 
NiCU, etc., is more or less permanent, and hence many authors call theae 

* Chatterji and Dhar: loe. cit. 

* J. Phys. Chom. 25, 322 (1921). 
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substances manpjanites of the corresponding metals^ Exactly similar results 
are obtained with hydrated silica, the basic portion adsorbed from NaCl, 
KCl, etc., can be slowly but completely removed by washing, whilst the basic 
portion adsorbed from CuSo 4 , alum, etc., cannot be removed by washing. 
Just as manganese dioxide is capable of adsorbing both acids and bases, 
similarly silica can also adsorb both acids and bases and a base is more ad- 
sorbed than an acid, because silica is acidic in nature. The amount of ad- 
sorption of acids by silica is very small and is only a few per cent of the total 
quantity of the acid taken. This adsorption is more or less due to the surface 
effect and is allied to the adsorption of substances by charcoal, but the ad- 
sorption of bases by silica is connected with chemical affinity and is more 
permanent. 

It is well known that silicic acid can remain peptised in presence of both 
H' and OH' ions. In presence of H* ions, it remains positively charged, 
whilst in presence of OH' ions it is negatively charged. The uncharged sub- 
stances like silicic acid, h 3 ^drated MnOa, Fe(0H)3, etc., can pass into a positive 
or a negatively' charged sol due to the adsorption of H* ions or OH' ions 
according to circumstances. 

From the foregoing results it is apparent that charge reversal will depend 
a great deal on the amount* of adsorption as well as on the permanency of 
adsorption. Those substances which are markedly adsorbed and which cannot 
be removed by washing are more active in charge reversal than those which 
are not adsorbed in large quantities and are removable by washing. 

From our own experiments we have observed that negatively charged 
ferric hydroxide sol can l)e obtained by arsenite ion, oxalate ion, tartrate ion, 
etc., which are markedly and permanently ad.sorbed by ferric hydroxide. 
Similarly" charge reversal has been observed with hydrated manganese dioxide 
by even the monovalent Ag* ion which is markedly and adsorbed by hydrated 
manganese dioxide. From our experiments we find that hydrogen ions and 
hydroxyl ions are appreciably adsorbed by freshly precipitated ferric hydrox- 
ide, at the same time charge reversal can be readily effected by these two 
univalent substances. It is very likely that H‘ ions will be adsorbeni appreci- 
ably by sulphides of arsenic, antimony, etc., and that is why charge reversal 
of these substances is possible with the help of H’ ions. 

Recently Mukherji^ has stated that silica can adsorb acetic acid, citric 
acid, salicylic acid, hydrochloric acid, etc., This fact has been contradicted 
by Joseph and Hancock®. We have observed that hydrated Mn02 can adsorb 
acetic acid and other acids; similarly we have found that silica adsorbs acetic 
acid and other acids to a slight extent. This kind of adsorption of substances 
by uncharged adsorbents like charcoal, silica, hydrated Mn 02 , etc., is mainly 
a surface effect and is insignificant in comparison with the adsorption due to 
the chemical aflinity between the adsorbent and the adsorbing substance, as 

’ Cf. 8arkarand Dhar:Z. anorg. Cheni. 121, 135 (1922). 

* Phil. Mag, 6, 44 , 343 (1922); Nature 110, 732 (1922). 

* J. rhem. S(K* 123 , 2022 ^1923). 
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has already been said that silica will adsorb bases in greater amount than acids. 
Very recently Glixelli^ has observed an augmentation of the acidity of silica 
gels under the influence of a neutral salt. The effect can be readily explained 
by the adsorption of NaOH by the silica particles, s<^tting free hydrochloric 
acid. 

In view of the above facts the phenomenon of soil acidity can be very 
readily explained. We know that soil contains silica as w(‘ll as humic acid. 
These two substances will certainly adsorb the liasic fiortion from neutral 
salts present in the soil setting free acid and thus making the soil acid. The 
adsorbed basic portion might form unstable adsorption compounds of the 
type of the so-called manganites which are sparingly soluble. It is well 
known that sodium salts of [)yroantimonic acid, dihydroxy tartraric acid, 
complex silicic acid, etc., are very sparingly soluble. It is vctv likely that the 
adsorption compounds obtained from humic and silicic acids would be sparing- 
ly soluble. Moreover, it has been noted in the foregoing pag(‘s that the basic 
portion adsorbed by Mn(h. Sit >2, <‘tc., from such salts as NaCI, K(^l, etc., are 
V(Ty slowly n^moved by repf^ated washing. H<Tice from th(‘ foregoing experi- 
mental results it appears that soil acidity is most likely due to the adsorption 
of basic portions of salts by silica, humic acid, etc., present in the soil. We are, 
therefore, unable to support the view on soil acidity expressed by Oden* 
which rests on the assumf)ti()n that humic acid adsorbs tlie inorganic and 
organic acids aln^ady [^resent in the soil. 

It must Ik" emphasised that substances like Fe(()H)3, Al(OH)3, Cr(OH)3, 
AS2S3, Hgs, OuS, Sn02, S, Si02, etc., which are neither strongly acidic nor 
basic can adsorb either H‘ or OH' ions and pass into positively or negatively 
charge<l sol and hence the formation of colloids and charge reversal with these 
substanc(^s are comparatively easy. 

It is now easy to explain the charge reversal of a colloid simply from the 
adsorption point of view\ The first step in the fonnation of a colloid is the 
pr(*fcrential adsorption of one ion which peptises the substance and gives the 
necessary charge to the ot herwiae uncharged substance, for the stability of the 
sol. If we now add an electrolyte, the charge on the colloidal particles will be 
neutralised by the oppositely charged ions. Two things might happen at this 
stage. If the particles of the neutral substance cannot adsorb more of the 
precipitating ion it will coalesce and finally coagulate. If, on the other hand, 
the neutral substance is capable of adsorbing more of the precipitating ion 
immediately, it will be converted into the oppositely charged sol and conse- 
quently charge reversal will take place. Evidently charge reversal will depend 
a great deal on the amount and permanency of adsorption of the precipitating 
ion by the neutral substance obtained by the coagulation of the colloid. 

Linder and Picton {loc. at,) have proved that when arsemious sulphide is 
precipitated by BaCL or SrCh the metallic radical is adsorbed by the coagu- 
lated sulphide. The above authors have obs(‘rved that the adsorbed ions 

K^ompt. rond. 176 , 1714 (192,^). 

* Tran«. Faraday. 800. 17 , 292 (1922). 
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cannot be removed by washing. We repeated the above e^cperiments with sols 
of As2 Ss mid Sb* S« and we have obtained results contrary to the observations 
of the foregoing authcfrs. We have been successful in completely removing 
Ba or Sr from the coagulated sulphides by repeated washing with water. Linder 
and Picton have also shown that the coagulated sulphides containing Ba or Sr 
when shaken with excess of K or Na salts give out the Ba or Sr Salt in solution 
and this can be tested. This has been recently contradicted by Charriou^; 
but we have found that the observation of Linder and Picton is quite correct 
and that excess of sodiiun or potassium salt can drive out Ba or Sr ions from 
their adsorbed condition. This happens because the adsorption of these sub- 
stances is practically of the same order, and since, the univalent ions are used 
in large excess, the effect of mass will predominate. Charriou has also shown 
that chromic acid adsorbed by Al(OH)3 cannot be driven out by chlorides, 
nitrates or acetates of alkali metals but it can be displaced by oxalates, sul- 
phates, phosphates, etc. These results can be very readily explained from the 
work of Weiser and Middleton (Zoc. eit) on the adsorption of the foregoing ions 
by A1(0H)3. Weiser and Middleton have shown that dichromate ion is highly 
adsorbed and hence the displacement will depend on the amount of adsorption 
and concentration of the displacing electrolyte. If the displacing electrolyte 
is only slightly adsorbed by Al(OH)8, then chromic acid will not be displaced 
even by concentrated solutions of the displacing electrolyte. 

It should be emphasised that the amount of adsorption by a definite weight 
of adsorbent would be directly proportional to the molecular weight of the 
substance in question under otherwise similar conditions. It has already l)een 
shown that the amount of adsorption of elect rol>iies by freshly precipitated 
manganese dioxide increases with the increase in their atomic weights when the 
elements occur in the same periodic table.® Similar results have been obtained 
by Oden and Andei sson’ in the adsorption of alkali and alkaline earth metals 
by charcoal. In the adsorption of anions, Oden and Langelius (/oc. at, p. 
385) have shown that, in general, amongst ions having the same valency, the 
greater the molecular weight the greater is the adsorption. Moreover, it has 
been observed that the bigger the particles in a medium, the greater is the 
adsorption by an adsorbent. 

From our experiments on adsorption we find that substances like freshly 
precipitated Fe(OH)8, hydrated Mn02, etc., have marked adsorptive power 
and are in certain respects comparable to charcoal, Whilst sul^tances like 
AS2S8, Sb283, BaS04, etc., have very slight adsorptive power, though all 
these substances can adsorb appreciably electrolytes in the course of their 
formation. Consequently the uncharged substances like A82S3, Sb2Sa, etc., 
cannot adsorb tlje precipitating ions to any appreciable amount. Hence the 
amount of different ions adsorbed by A82S8, SbaS*, etc,, in the process of 

Oompt. rend., 170 1890 (1923). 

* Gan^y and Dhar: J. Phys. C%ein. 20, 836 (1922). 

» J. Phys. Chem. 25 , 31 1 (1921). 
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coagulation is more or less equivalent as was shown by WTiitney and Ober 
{loc, dt) and Freundlich (loc, ciL), On the other hand, the neutralised sub- 
stances like hydrated Mn02, Fe(OH)3, etc., are capable of adsorbing appreci- 
ably the precipitating ions; hence in these cases the amount of ions adsorbed 
by a coagulating sol is bound to be different and are not in equivalent propor- 
tion. 

From the discussions and our researches in this line we are of the opinion 
that charge reversal, amount of adsorption and complex formation go hand in 
hand and depend upon the chemical affinity existing between the adsorbent 
and the substance which is being adsorbed. 

Experiments on adsorption and reversal of charge in various directions are 
in progress in these laboratories. 


Summary 

(1) From a survey of the experimental results on coagulation and adsorp- 
tion it is found that an ion which has a high precipitation value (a small 
coagulating pow(T) for a colloid is most ad.sorU^d by the colloid. Inversely 
the smaller the precipitation value (that is, the greater the coagulating power), 
the less is the adsorption. This is the proper explanation of the so-called 
Schulze-Hardy Law. The above generalisation is supported by the actual 
experimental re, suits of various workei's. 

(2) On the addition of an electrolyte to a sol tin* first step is the neutralisa- 
tion of the electric charge on the colloid particles, by the adsorption of ions 
carrying a charge opposite to that of the sol. The second step is the further 
adsorption of the electrolyte by the neutral particles. It is only for the first 
step that the Schulze-Hardy Law is applicable. 

(3) A suggestion based on kinetic and adsorption points of view, explaining 
the existence of a minimal concentration of electrolytes for the coagulation of 
colloids, has been advanced. 

(4) Charge reversal depends essentially on the amount as well as on the 
permanency of adsorption. Ions such as hydrogen, hydroxyl, etc., which are 
more or less permanently adsorbed in large quantites are most active in charge 
reversal. 

(5) Substances which are neither strongly acidic nor strongly basic, are 
capable of adsorbing positive or negative ions and pass into the colloidal state. 
Charge reversal with these cases are also very frequent. 

(6) It appears that charge reversal is possible in those colloids where the 
neutralised particles of the sol can immediately adsorb more of the precipitat- 
ing ion. 
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(7) We are of opinion that charge reversal, amount of adsorption and coin* 
plex formation go hand in hand and depend on the chemical affinity existing 
between the adsorbent and the substance which is b«ng adscwbed. 

(8) Recent experimental work on the adsorption of the basic portion from 
salt solutions by silica, cupric hydroxide, manganese dioxide, etc., proves that 
soil acidity is very likely due to the adsorption of basic portion from salts by 
silica, humic acid, etc., present in the soil. 

Chemical LahoraUmes, . 

AUahahad VnivereUy, 

Allahabad. 

Sepl. 26 , im. 



ACTION OF METALS ON NITRIC ACID 

BY WILDER D. BANCROFT 

For nearly thirty years I have carried the reduction of nitric acid by metals 
in my notebooks as a major problem to be taken up as soon as possible, and at 
different times during that period I have suggested it to graduate students as a 
desirable thesis subject — all in vain. Three years ago I found in Mr. L. H. 
Milligan a student who was both competent to tackle the problem and inter- 
ested in it. Rather to my dismay it turned out that the methods of analysis 
were not satisfactor>' and consequently Mr. Milligan’s thesis, which will be 
published soon, had to be on analytical methods and not on the real problem 
at all. Fortunately he was able to do enough additional work to make it seem 
certain that the underlying theory was sound and that the problem now is 
primarily one of collecting data. Since it may be many years before we get 
the whole quest ion cleaned up and since we would like very much to get other 
laboratories interested in the subject, it has seemed worth while to present 
a general outline of the situation as we now .see it and to follow this up with the 
experimental papers as fast as we can get them finished. Some day it is to be 
hoped that the general theory of the reduction of nitric acid will be worked 
out as clearly and definitely as is the theory of the reduction of nitrobenzene. 

There are two quite distinct problems in the reduction of nitric acid: the 
question of the intermediate stages; and the part played by any given metal. 
The solving of the second problem carries with it the solving of the first. 

Acworth and Armstrong' believe that the direct reduction products are 
nitrous acid, hyponitrous acid, hj'droxylamine, and ammonia, with nitrogen 
peroxide, nitric oxide, nitrous oxide, and nitrogen as secondary products. 
Ostwald* believes that the reduction of nitric acid starts from a dissociation 
into NOi‘4-OH' and that consequently the direct reduction products are nitro- 
gen peroxide, nitrous acid, nitric oxide, hyponitrous acid, and either nitrogen 
or hydroxylamine and ammonia; with nitrous oxide presumably a dehydration 
product of hyponitrous acid. The same view is taken by the unknown author 
(presumably Partington) in Thorpe’s Dictionary of Applied Chemistry, 4 , 561 
(1922). 

Mellor* is distinctly non-committal; but rather inclines to Ostwald ’s view. 
“Some consider that the first product of the reaction is a nitrate of the metal 
and nascent hydrogen: Cu+2HNO»“Cu(NO«)j+2H. The nascent hydro- 
gen is then supposed to reduce the nitric acid to nitrous acid. With some 
metals, the reduction of the nitric acid proceeds much further, say through the 
stages: NOt — ►•HNO* — ►•NO — ►-N* 0 — KNi — ►-NHs. Free hydrogen ia 
seldom evolved because it is so rapidly oxidized by the nitric acid. However^ 

* J. Chem. Soc. 32 , 56 (1877). 

* Grundiin allg. Chemie, 440 (1899). 

' '‘Modern Inorgimip Chemistry”, (1912). 
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free hydrogen is said to have been obtained by the action of nitric acid on 
manganese and on magnesium. The reducing actions indicated above can be 
represented^ symbolically: 

2HNO3+2H « 2H2O+2NO3 2 HN 0 »+ 8 II « SH2O+N2O 

2HN03+4H«2H20+2 HNO3 2HN034-ioH*6 H2O+N* 

2HN03+6H«4Ha0+2N0 2 HN 03 +i 6 H« 6 H, 0 + 2 NH, 

Some believe that the acid first oxidizes the metaP to the oxide, 3CU+ 
2HN08=*3Cu 0+H20+2N0; and that the oxide then dissolves in the acid 
to form the nitrate: Cu0+2HN03=Cu(N03)2+H20. When differences of 
opinion can reasonably be entertained^ it follows that our knowledge of the facts is 
incomplete^ and that more experimental work is needed. The metals copper, 
silver, mercury, and bismuth have no perceptible action on cold dilute sul- 
phuric and hydrochloric acids, and accordingly it is not likely that they will 
reduce nitric acid by the action of nascent hydrogen. V. H. Veley (1890) 
proved that these metals have no action on cold dilute nitric acid unless a 
trace of nitrous acid or a lower nitrogen oxide is present. Nitrous acid may be 
present in the nitric acid as an impurity; it may be formed by the incipient 
decomposition of nitric acid when it is warmed; or it may be formed in the 
acid by electrolysis produced by local currents of electricity set up by impuri- 
ties in the metal (local action*). Once the action has started, the evolution of 
nitric oxide, and the formation of nitrate proceeds quickly. According to 
Veley, therefore, the dissolution of this metal in nitric acid proceeds: Cu+ 
3HNO8+HNO2+H2O, is the resultant of a series of consecutive reactions: 
Cu+4HN02 = Cu(N 02)2+2H20+2N0: followed by Cu(N02)2+2HN08« 
Cu(N 03)2+2HN02; the small trace of nitrous acid thus acts as a catalytic 
agent; nitrous acid is continuously produced and continuously decomposed: 
3HN02 = HN03+2N0+H20.** 

Roscoe and Schorlemmer* dodge the whole question. ‘^As already men- 
tioned, nitric acid dissolves a large number of metals with formation of 
nitrates. Hydrogen is not evolved at the same time, as is the case with sul- 
phuric and hydrochloric acids, but in its place lower oxides of nitrogen and 
even nitrogen itself and ammonia are formed. The explanation frequently 
given of this change is that hydrogen is first produced, but that it at once acts 
on the excess of nitric acid present, forming water and the lower oxides of 
nitrogen. Thus, for example, the formation of nitric oxide by the action of 
copper on nitric acid is supposed to take place in the two following stages: — 
Cu+ 2HNO8 « Cu(N03)2+ 2H 
6H+2HN08*2N0+4H20. 

^^According to Veley however, this explanation is not correct, inasmuch 
as pure copper, mercury, and bismuth do not dissolve in pure dilute nitric acid, 

‘ Cf. Monteraartini: Gazz. chim. ital. 22, 1 , 339 (1892). 

* This is the view held at one time by Higley: Am. Chem. J. 17 , 26 (1895), It is still 
taught at Harvard. 

* Treatise on Chemistry^*, 1, 544 (1920). 

< Pros Hoy. 80c. 46 , 216 (1890); 52 , 27 (1893); Phil Trans. 182 A, 312 (1891); J. Soc. 
Chem. Ind. 10, 204 (1891}. 
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but dissolve readily when nitrous acid is present the change at any moment 
being directly proportional to the mass of the nitrous acid in the solution, and 
the more rapid the greater the proportion of the former to the latter. He 
therefore believes that the reaction is started either by traces of nitrous acid 
already present or by impurities in the metal inducing a local electric current; 
the first product of the reduction of the metal is nitrous acid, and the produc- 
tion of lower oxides of nitrogen he regards as due to the subsequent changes 
occurring between nitrous acid and the metallic nitrate or nitrite in presence 
of an excess of nitric acid, the nitrous acid being decomposed as fast as it is 
formed. 

^The relative proiiortion of the products formed varies not only with the 
concentration of the acid and the temperature, but also with the nature of the 
metal employed. Thus silver when treated with acids of sp. gr. 1.05-1.4 
yields nitric oxide and nitrogen peroxide, but no nitrous oxide, wh(Teas lead 
with an acid of sp. gr. 1.2 yields a gas of which forty percent is nitrous oxide. 

Norris' states explicitly that the first action of nitric acid on metals is an 
oxidizing one. The square brackets indicate substances which are not actually 
set free as such. ‘^Nitric acid oxidizes all the metals i^xcept the so-called noble 
metals, gold and platinum, for exainph'. The nitrates formed are soluble in 
water and, consequently, nitric acid dissolves these metals . . .In writing 
equations for the reactions involved, it is Iwst to separate them into steps and 
combine the partial equations in the way already explained. For example, the 
oxidation of coppcT by nitric acid can lie represented as follows: 

2HN03=2N0+H20 + [^0] 

3Cu+(30l-l3Cu()] 

l3Cu0l+6HN03-3Cu(N03)2+3H20 

3Cu+8HN03«3CMN03)2+4H20+2N0.’’ 

Howe* takes an intermediate viewpoint. He says that ‘'the reaction be- 
tween zinc and nitric acid may lie looked upon a.s taking place in two stages: 

3Zn+6HN03-3Zn(N03)2+6H 
6H+2HNO3-4 HaO+2NO, 
or, summing up these reactions: 

3Zn+8 NH03 = 3Zn(N03)2+4H20+2 NO. 

It is perhaps better to look at this reaction from the standpoint of the oxida- 
tion of the metal, in which case we have the two equations: 

3 Zn+ 2 HN 03 « 3 Zn 0 +H 20+2 NO 

3Zn0+6HN03«3Zn(N03)2+3H20 
which, when summed up, become as above: 

3Zn+8HN03«3Zn(N03)2+4H20+2N0.^’ 

This is playing safe with a vengeance. Unfortunately, as we shall see later, 
neither set of equations represents the facts. 

' ''A Textbook of Inorganic Chemistry for Colleges,'’ 327 (1921), 

* ^Tnorganic Chemistry for Schools and Colleges," 270 (1920). 
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A great deal of work has been done on the reduction of nitric add by metala 
with very little in the way of theoretical results. When this sort of thing 
happens over a period of years, it is usually safe to assume that the iHoblem 
has been attacked from the wrong point of view. On looking over the litera- 
ture it is easy enough to see where people have gone wrong. Thoce has been 
the tacit assumption that the action of the metal depends on a sin^e factor, 
whereas I shall show that we must consider not less than three factors, which 
do not necessarily run parallel as we change from one metal to another. 

Acworth and Armstrong^ say that *‘we regard the action of the metal as 
consisting simply in the displacement of the hydrogen of the acid and the for- 
mation of the corresponding nitrate in the manner expressed by the following 
equation, in which R denotes the amount of metal which is equivalent in 
combining or displacing power to two atoms of hydrogen: 

R-l- 2HNO, = R(N0,)2+ 2H. 

Under no circumstances, however, is the hydrogen thus displaced evolved as 
such; it at once acts on the free acid present (and even, in some cases, as we 
shall show later on, also on the metallic nitrate which has been formed), re- 
ducing it more or less completely to nitrous acid, nitrosidic acid [hyponi- 
trous acid], hydroxylamine, or ammonia.” 

. This is, of course, a special statement of the electrolsrtic theory of corrosion, 
long before it was developed as a general theory by Whitney* in 1903. A 
few years later I pointed out* that “the most striking characteristic of an 
electrolytic action is that it occurs in two places — at the anode and at the 
cathode. This peculiarity can be made less marked by bringing the electrodes 
nearer and nearer together. When the distance between them vanishes, we 
have a chemical reaction in the ordinary sense of the word and not an electro- 
chemical reaction. Any chemical reaction, therefore, which can be made to 
take place electrol3d;ically, must consist of an anode and a cathode process.* 
Considering the matter in this light, we see that there is a posribility of tho 
anode and cathode processes interfering and of one perhaps masking the other. 

“In some cases it is easy enough to tell what the anode and the cathode 
processes are. If we dissolve zinc in sulphuric acid, the formation of zinc sul- 
phate is the anode process and the evolution of hydrogen is the cathode process. 
Now we know that pure zinc does not dissolve readily in sulphuric acid. Con- 
sequently we should expect to find a difficulty of some sort if we electrolyze 
sulphuric acid between the electrodes. We find this in the form of the so- 
called ‘excess voltage’ at the cathode; and in the electrolytic process we can 
obtain a more or less quantitative measurement of the phenomenon though 
we are still far from knowing the cause of it. 

“A less simple case is that of copper in dilute nitric acid. Copper reacts 
chemically with dilute nitric acid, setting free nitric oxide. The formation of 

‘ J. Chem. Soc. 32 , 56 (1877). 

* J. Am. Chem. Soc. 25 , 394 (1903). 

< ’Trane. Am. Electrochem. Soc. 9 , 13 (1906). 

* Cf. TVaube: Ber. 26 , 1473 (1893); Haber: Z. phyeik. Chem. 34, 514 (1900). 
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copper nitrate must be the anode process and the reduction of the nitric acid 
the cathcfde process. When we start to test this we find difficulties. Every- 
body knows that we get ammonia instead of nitric oxide if we electrolyze 
dilute nitric acid, using a copper cathode. We have here an apparent contra- 
diction, the chemical reduction yielding nitric oxide and the electrochemical 
one ammonia. Mr. Turrentine was good enough to solve the mystery for me. 
When copper reacts chemically with nitric acid, the anode product, copper 
nitrate, is formed at the same spot that the reduction takes place. In the 
electrolytic reduction of nitric acid with a copper cathode, the reduction takes 
place in a solution practically free from copper salt. The conditions are there- 
fore not the same in the two cases. Mr. Turrentine therefore electrolyzed a 
solution of nitric acid and copper nitrate using a copper cathode. A gas was 
evolved at the cathode which proved on analysis to be chiefly nitric oxide. 
This experiment can be done in another form which is more striking. If 
dilute nitric acid be electrolyzed between copper electrodes, there will at first 
be no evolution of gas at the cathode. Gas will begin to appe&r as soon as the 
blue solution formed at the anode comes in contact with the cathode. A 
corollary to this is that ammonia would be formed in the chemical reaction 
between copper and nitric acid if the concentration of the copper salt could be 
kept sufficiently low. There did not 8e< m to \w any salt which one could add 
to the solution without introducing more complicaiion.s than were eliminated. 
The difficulty was ovwcome by Mr. Turrentim* in a distinctly ingenious man- 
ner. Strips of copper were hung vertically in a tall vessel. The copper nitrate 
flowed to the bottom of the vessel and the copjx^r was removed by electro- 
lytic precipitation in the form of cupric hydroxide. No current flowed through 
the copper strips and there wa.s no copper cathode; but ammonia was formed. 

“These experiments were pi^rformed to prove that the difference between 
the electrochemical and the chemical corrosion of copper by nitric acid was an 
apparent one only and due to an unsuspected difference in the conditions. In 
addition they illustrate the superior flexibility of the electrochemical method 
over the chemical method. In the electrochemical method there is no difficulty 
in varying the concentration of the copper salt at the cathode between any 
desired limits, while this is veiy" difficult to do in the case of the chemical 
method. This is in addition to the advantage, which the electrochemical 
method always has, of permitting a wide variation in the rate of reaction for 
constant temperature and constant concentration. If we are ever to have a 
thorough knowledge of the chemical reactions Ix^tween nitric acid and the 
metals we must study the problem electrochemically.^^ 

On the assumption that all corrosion is electrolytic in nature, it is evident 
that at least three independent factors must be taken into account in the re- 
duction of nitric acid by a metal: the specific reducing power of the metal 
which may be measured by the hydrogen over-voltage in a corresponding 
sulphuric acid solution; the catalytic action of the metal on the various re- 
duction products; and the catalytic action of the metallic nitrate on the 
various reduction products. This analysis of the problem is of no value unless 



480 


WILDER D. BANCROFl' 


we can devise methods of distinguishing the effects due to these three causes. 
Fortunately that is a very simple matter. We can determine the reduction 
products on adding different, dissolved, reducing agents having no catalytic 
action, which will give us the reduction products due to different electromo- 
tive forces. Of course it is possible that any given reducing agent may exert 
a catalytic action itself or through one of its oxidation products, and at least 
one case of this sort has already been found by Mr. Milligan. The catalytic 
action can be recognized and eliminated by using other reducing agents of 
about the same reducing power or by adding the same reducing agent to solu- 
tions of the different reduction products of nitric acid. This last method will 
be effective only in case the cataljiiic action is on one of the first reduction 
products of nitric acid, such as nitrous acid. Them is no reason at present to 
suppose that there will be any special difficulty in distinguishing between 
reducing action and catalytic action. 

Electrolysis of a nitric acid solution with the metal under consideration as 
cathode will give the combined effect of the specific reducing action of the 
cathode plus the possible catalytic action of the cathode metal. If the electro- 
lytic reduction agrees with those obtained by the corresponding chemical 
reduction, the cathode metal has no catalyiiic action. If there is a difference 
between the sets of results, the difference gives us valuable information in 
regard to the catalytic action of the cathode metal. It will probably not be 
difficult then to formulate the catalytic action of the metal clearly and defi- 
nitely. 

The catalytic action of the metallic nitrate can be detected by adding the 
salt to nitric acid and then repeating the experiments with the dissolved re- 
ducing agents. These results will be supplemented by repeating the electro- 
lytic reductions in presence of the metallic nitrate, after which there should l>e 
no difficulty in accounting for all the products obtained when the metal reacts 
direct with the nitric acid under the conditions of ordinary corrosion. 

In some experiments, on which Mr. Milligan will reiK)rt in detail later, 
it was found that when acidified ferrous sulphate is added to an excess of 
nitric acid, the main reduction product is nitric oxide. Since acidified ferrous 
sulphate is a weak reducing agent, this is al>out what one would have predicted. 
With a stronger reducing agent, acidified stannous chloride, the reaction runs 
practically completely (over ninety ]^>ercent) to hydroxylamine if the tempera- 
ture is kept low. If the temperature is allowed to rise, the reduction product 
is practically completely nitrous oxide. This has nothing to do with the 
stannous chloride because the same result is obtained if we heat the hydroxyla- 
mine solution and nitric acid solution. The nitrous oxide is formed by the 
reaction between nitrous acid and hydroxylamine 

HNO2+ NH2OH - NaO-hHjO. 

Since there is not much nitrous acid in the solution at any one time, we may 
have to postulate a preliminary reduction of nitric acid by hydroxylamine, 

2HNO3+2NH2OH-2HNO2+N2O+3H2O. 
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Acidified titanous chlorde is a still more powerful reducing agent and will 
reduce hydroxylamine quantitatively to ammonia. It was therefore clear 
that it should reduce nitric acid to ammonia; but Mr. Milligan found that 
the main reduction product was nitric oxide, the same compound which is 
the chief product obtained with fibrous sulphate. In other words, titanous 
chloride does not reduce nitric acifl so far as does the w(‘aker reducing agent, 
stannous chloride. One can sec what havoc this would play with any theory 
which made the reducing action depend solely upon the chemical potential. 

The abnormal result with titanous chloride is not due to the catalytic 
action of the final oxidation product, because hydroxylamine is obtained on 
adding stannous chloride to a nitric acid solution, which has bc^en reduced in 
part by titanous chloride. The next step — which has not yet been taken — is 
to add titanous chloride to nitrous acid, to hyponitrous acid, and to hydroxyl- 
amine, so as to determine what side reaction is catalyzed. In this particular 
case, it is probably the decomposition of nitrous acid which is catalyzed, 
though it may be that the reduction proceeds to nitrohyelroxylamine^ which 
then loses water, HoN-Oa^ 2N()+H20. 

The result with titanous chloride make it possible that the data with 
ferrous sulphate are due in part to eatatytic action. This can he checked by 
finding whether ferrous sulphate does or does not reduce a hyponitrous acid 
solution. 

It is evident from what has already been done that Armstrong was right 
in saying that the direct reduction products are HNO2, H2N2O2, NH2OH, and 
NH3, wdiile NO2, NO, N2O and N2 are formed by secondary reactions, very 
probably as follows : — 

HNO3+HNO2 = 2NO2+H2O 

3lIN02=2N0+HN03+H20 
H 2 N 203 = 2N0+H20 
H2N2O2-N2O+H2O 
HNO2+HN2OH = N2O+2H2O 
n2N202+2NH20H = 2N2+4H2O 

HN02+NH3-N2+2n20. 

The reaction between nitric and nitrous acids to form nitrogen peroxide 
will increase relatively with increasing concentration of nitric acid. It is 
simply the reverse of one of the reactions in the synthesis of nitric acid by the 
arc process. It is sometimes stated that the formation of nitrogen peroxide is 
due to the oxidation of nitric oxide by concentrated nitric acid; but this is 
clearly a mistaken way of looking at things. There is no reason to postulate 
an intermediate formation of nitric oxide. 

We get nitric oxide by the decomposition of nitrous acid and this reaction 
will predominate as the concentration of nitric acid decreases and that of 
nitrous acid increases. This equilibrium was studied carefully by Noyes and 
Edgar® over a dozen years ago. 

^ Angeli: Gazz. chim. ital. 26 II, 17 (1896). 

* J. Am. Chem. Soc. 33 , 292 (1911)- 
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We get nitrous oxide either through the dehydration of hyponitrous acid 
or through the interaction of nitrous acid and hydroxylamine*^ If this second 
reaction passes through the hyponitrous acid stage as seems probable, these are 
merely different ways of saying the same thing. 

It is usually assumed that nitrogen comes from the interaction of nitrous 
acid and ammonia, apparently because ammonium nitrite will decompose into 
nitrogen and water under certain conditions. This seems to me inadequate 
because we get nitrogen evolved in cases where there is no reason to suppose 
that ammonia is formed at all. We must therefore postulate a reaction be- 
tween hyponitrous acid and hydroxylamine. 

H2N2O2+2 NH20H = 2N2+4 H2O. 

Oesterheld^ was forced to the same conclusion when he found that the elec- 
trolytic oxidation of an alkaline hydroxylamine solution at a platinum anode 
gave a mixture of gases approximating 5i%N2 and 49% N2O. *The fonnation 
of nitrous oxide is undoubtedly due to the oxidation of hydroxylamine to 
hyponitrous acid which then breaks down into nitroiis oxide and water: 

NHsOH-hO = NOH+H2O 
2NOH— ^HaNaOs— ^N20 +HoO. 

It is impossible, however, that the nitrogen formed from the hydroxyla- 
mine can be a decomposition product of ammonium nitrite as was assumed to 
be the case when studying the oxidation of ammonia. In the first place there 
is no ammonia present and, in the second place, there can be no oxidation of 
hydroxylamine to nitrous acid at the low anode potential which was main- 
tained. The simplest explanation is that the nitrogen is due to the reaction 
between hydroxylamine and nitroxyl which is the first oxidation product, 
0 :NH+NH 20 H = N2+2H2 O. 

A. Angeli has observed the same reaction when nitroxyl splits off from ben- 
zene sulphohydroxamic acid in presence of hydroxylamine. While two mole- 
cules of nitroxyl may combine to form hyponitrous acid or nitrous oxide and 
water, yet there is a quantitative evolution of nitrogen so long as there is a 
sufficient excess of hydroxylamine.^' 

It is also possible that nitrogen may be formed simultaneously with nitrous 
oxide by a different decomposition of hyponitrous acid,® perhaps 
5H2N202 = 4H20-hHN03+4N2. 

While it is perfectly certain that nitrogen peroxide, nitric oxide, nitrous 
oxide, and nitrogen are due to secondary reactions and are not direct reduction 
products of nitric acid, this does not mean that hydroxylamine and ammonia 
may not be formed by reduction of the oxides of nitrogen. In fact, we know 
that under certain conditions this may happen. The simplest supposition to 
make would be that the stages were NO2 — — ►"N20( — — >-NH20H 
— >-NH3; but there seems to be good reason to believe that matters are not 

^ V. Meyer: Ann. 175 , 141 (1875). 

* Z. anorg. Chem. 86, 129 (1914). 

•Berthelot and Ogier: Compt. rend. 96 , 30 84 (1883); Hantzsch and Kaufxnann: 
Ann. 232 , 317 (1896); Ray and Ganguli: J. Chem. 80c. 91 , 1866 (1907). 
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SO simple as this. It seems probable that hydroxylamine is not always a pre- 
liminary stage to the formation of ammonia, that nitrous oxide is not always 
a preliminary stage in the formation of hydroxylamine or ammonia from nitro- 
gen peroxide or nitric oxide, and that the reduction of nitrogen peroxide does 
not necessarily give rise to nitric oxide as an intermediate stage. 

Divers and Shimidzu^ have found that '‘zinc dissolves in dilute nitric 
acid, forming nitric oxide, nitrous oxide, ammonia and zinc nitrates, and some- 
times a trace of hydroxyammonium (hydroxylamine) nitrate. Should it 
dissolve so far as to neutralises or nearly neutralise the acid, zinc nitrite is 
also formed. By mixing much sulphuric acid with the nitric acid, the dissolu- 
tion of the zinc produces sulphates instead of nitrates and nitrites, hydroxyam- 
inonium and ammonium sulphates, nitrous oxide and a little nitrogen, little 
if any nitric oxide, and, lastly, hj^drogen.^^ 

In this paper I shall not take up the question why sulphuric acid increases 
the yield of hydroxylamine, but rather why it does not appear when nitric 
acid alone is used. Since Divers did not check his temperatures, it is possible 
that the tempi'rature rose in the experiments in which there was no sulphuric 
acid and that the hydroxylamine was d(\stroyed by reaction with nitrous or 
nitric acid. This is not vc^ry i)robable an<l would lead to the principal product 
being nitrous oxide and not ammonia. Also, in presence of sulphuric acid 
the yield of hydroxylamine increases with rising temperature.^ 

When once formed, hydroxylamint* is not reduced readily to ammonia 
(P- experiment, 10 ec of a solution of hydroxyammonium 

chloride containing 0.033 gram of hydroxyamine, were made up to 100 cc with 
water, containing a little sulphuric acid. The mixture was poured upon 45 
grams of granulated zinc, and thus exposed to a ndatively very large surface 
of zinc. It was left in contact with the zinc for two hours, dilute sulphuric 
acid benng occasionally added, so as to keep up effervescence. The solution, 
still effervescing, was poured off, and titrated for hydroxyamine, and the 
whole of this was found unchanged. Indeed, the anomaly wjis observed, of 
a little more iodine being required than equalled the whole hydroxyamine. 
But we find that in pre.sence of a concentrated solution of zinc salt, a clear 
excess of iodine solution ivS decolorised over that calculated for the 
hydroxyamine. 

“We then tried the action of zinc alone upon a dilute solution of hydroxy- 
ammonium chloride. Here there was a marked destruction of the hydroxy- 
amine in two hours, one-eighth to one-fourth disappearing. The nitrate ap- 
pears to be somewhat more unstable. Acidified with a little sulphuric acid, 
however, the nitrate gave in ten minutes on zinc, a tliird more hydroxyamine 
than it contained in consequence of the conversion of part of its nitric acid to 
that base. (The nitrate consists by weight of one pari base to two parts acid, 
so that about a third of its acid became hydroxyamine.) The presence of zinc 
sulphate or ammonium chloride or of free ammonia, appears to be without 
marked effect. 

* J. Chem. Soe, 47 , 597 

* Divers and Shimidzu: J. Chem. Soc. 47 , 619 (1885). 
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''Hydroxyamine is thus seen to be only very slowly decomposed by the 
contact of zinc with its cold solution, even in absence of acid. It was other- 
wise, however, in the case of hot solutions, for in these the hydroxyamine is 
destroyed by zinc with relative rapidity, although still wonderfully resistant 
to decomposition. Boiled for a quarter of an hour in 100 cc, and less, of solu- 
tion, upon 35 grams of zinc, 0.033 gram was reduced to 0.02 gram. Heated to 
7 o ®-8 o ® for one hour upon 35 grams of zinc, 0.033 gram hydroxyamine in 100 
cc was reduced to 0.008 gram.^’ 

Divers and Shimidzu^ state specifically that ammonia and hydroxylaminc 
appear to be not consecutive products but products of parallel and independent 
reductions. '‘As pointed out in the previous paper ammonia is abundant from 
the first, during the reduction of nitric acid by sulphuric acid and zinc. Its 
non-production from hydroxyamine, in the presence, that is, of free acid, 
gives its appearance during this reduction a new interest. Nitrous oxide is 
also produced. We have made no attempt to estimate the very small quanti- 
ties of this gas formed in our experiments. Deville’s determinations may be 
referred to on this point, but we ourselves in Japan have no means of doing so, 
for purposes of illustration. 

"A few determinations onl}'' of ammonia have been made by us, and further 
work in this direction is desirable. Having poured off the acid solution from 
the zinc at those times when it was calculated that the hydroxyamine would 
have just reached its maximum, one part was titrated for hydroxyamine, and 
another titrated for ammonia, by adding first sodium carbonate until some 
zinc carbonate was precipitated, then iodine to destroy hydroxyamine, then 
precipitating nearly all the zinc by sodium sulphide, and distilling the mother- 
liquor with potassium hydroxide. The ammonia was received in acid and 
titrated. In this way we obtained ammonia equivalent to much of the nitric 
acid not convertible into hydroxyamine. 

"By using a very great excess of sulphuric acid nearly, if not all, the nitric 
acid unconverted to hydroxyamine appears to ]ye converted into ammonia. 
This is in accordance with Kinnear's results,^ and we believe it to be correct, 
but there is difficulty in determining closely a very small quantity of ammonia 
in presence of very much zinc salt, and, without more trials tlian we have made, 
we cannot assert that it is so. 

"Under favourable conditions, we have got as much as, and even more 
than seven-tenths of the nitric acid converted to hydroxyamine, but, with 
unsuitable zinc, we have sometimes failed to get more than two-tentlis con- 
verted. In our former paper, we mentioned a yield of eight-tenths of the 
nitric acid as hydroxyamine, but we were not confident as to this yield having 
been really obtained. 

"In a preceding section, we have attributed the production of hydroxy- 
amine entirely to the specific action of the zinc and the nitric acid upon sul- 
phuric acid. We can now almost assert that ammonia is not a product of that 

* J. Chem. Soc. 47 , 615 (1885). 

* Kinnear: Chem. News, 46 , 63 (1882). 
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specific action, and that the ammonia freely produced from the first during 
the dissolution of the zinc in the mixed acids, is formed solely by the direct 
action of the nitric acid upon the zinc. Uncertainty thus seems cleared away 
as to the specific hydrogenising action of the sulphuric acid upon the nitric 
acid. For, although nitric acid in contact with zinc and water can readily 
hydrogenise itself without the aid of any other acid, the product is then am- 
monia, not hydroxyamine, whereas when nitric acid is hydrogenised by sul- 
phuric acid, the product is hydroxyamine and not ammonia. 

^In the paper on the production of hydroxyamine from nitric acid, we 
have said thdlt a perfect metal for making hydroxyamine would be one active 
towards dilute nitric acid, inactive towards sulphuric or hydrochloric acid, 
and inactive towards hydroxyamine. With our present knowledge we would 
alter this, and say, that such a metal should be inactive to nitric acid alone, 
and active only to a mixture of nitric acid with either hydrochloric or sul- 
phuric acid. The above considerations at once explain why it is that a metal 
may freely produce ammonia from nitric acid and yet produce hydroxyamine 
from it only with difficulty, or not at all. For, in such cases, there may be 
strong action of the metal upon nitric acid, or independently upon both acids, 
whereby ammonia will lie formed, and yet l)e no s[)ecific action upon the two 
acids combinefl, which would give rise to hydroxyamine. Or again, the effect 
of tliis specific action may be as nothing compared with that of the superior 
activity of the metal towards the inde|)endent acids. 

^^Granulated zinc may differ wid(dy in its power of yielding hydroxyamine, 
but a given preparation of it, or mixtures of similar preparations, will show 
under the same circumstances the same power at one time that it has shown at 
another. The differences observed in this relation lietweeii different prepara- 
tions of granulated zinc, depemd in part upon the nature of the zinc melted 
down, of course, but they also depc'iid upon differences in the process of gran- 
ulating. Partly, no doubt, in consequence of the fact that apparently both 
the condition of the zinc l)efore it has Ix'cn granulated, and the character of 
the operation of granulating it, may exert marked influence upon its power to 
produce hydroxyamine from nitric acid, but at any rate we havo failed in the 
attempts we have made to secure at will granulated zinc of a uniform and high 
power in this respect, or to ascertain any sufficient knowdedge of the causes of 
its varying power. 

^‘On one occasion, tliere seemed to us to be a marked difference between 
the same zinc when granulated at diffreent temperatures. By nmning the 
zinc when almost boiling hot, and then again, from the same melting, after 
the zinc had cooled almost to the solidifying point, a much more productive 
lot of granules was obtained from the second nmning than from the first. 
But on trying the effect of this difference in operating again and again, we 
got no confirmation of our first result. We also varied the process by pouring 
from a height, and pouring near the water, and of granulating in boiling water 
and granulating in cold water, but from all our trials we learnt nothing. At 
one spell of work we could I'epeatedly granulate zinc turning out to be of 
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nearly equal power, but on another occasion we could not count on producing 
more zinc of the same power/’ 

There is independent eonfinnation of the view that the formation of 
ammonia does not always pass through the hydroxylamine stage. TafeP 
says that ^'nitric acid in sulphuric solution is reduced electrolytically at an 
amalgamated cathode almost exclusively to hydroxylamine, although such a 
cathode has a distinct electrolytic reducing action on hydroxylamine sulphate. 
On the other hand nitric acid is reduced almost completely to ammonia at a 
copper cathode which is effective only at low current densities and which is 
quite inadequate to reduce hydroxylamine sulphate any further. 

‘'From these facts the only safe conclusion to draw is that the electrolytic 
reduction of nitric acid to ammonia at a copper cathode does not pass through 
the hydroxylamine stage. ... I assume that certain cathode materials, 
such as copper for instance, by a chemical action divert the reduction process 
somewhere between nitric acid and hydroxylamine from the specific electroly- 
tic course, so that the reaction goes direct to ammonia, passing round the 
hydroxylamine stage. I cannot tell certainly at what stage this switch takes 
place; but it seems not improbable that it occurs at dihydroxylamine, 
NH(0H)2.” 

There is another way in which one can get ammonia without passing 
through the hydroxylamine stage. Hantzsch and Kaufmann* found that 
hyponitrous acid may break down either to give nitrous oxide or to give 
ammonia, 

H2N2O2 — >^N20+H20 
3 H 2 N 20 a — ^ 2NH3+N2O8. 

Any substance, which catalyzed the second reaction without catalyzing either 
the first one or the reduction to hydroxylamine, would give ammonia. We do 
not know yet what actually happens; but it seems certain that hydroxylamine 
is not necessarily an intermediate stage in the formation of ammonia. Hant- 
zsch® suggests that the syn form of hyponitrous acid would be expected to 
split off water very easily; but he leaves it rather vague as to what the charac- 
teristics of the anti form would be. 

We find other difficulties with nitric oxide and nitrogen peroxide. Divers 
and Haga^ say that “every chemist is supposed to know that when nitric 
oxide is passed into a hydrochloric acid solution engaged in dissolving tin, 
ammonia and hydroxylamine are produced. Strictly speaking, however, this 
is hy no means the case. We assert that, in the change that goes on, not a 
trace of ammonia is formed. Experience to the contrary must have been all 
vitiated by neglecting to exclude air while the gas was in contact with the 
mixture, and to use pure nitric oxide. Hydroxylamine is formed, but if the 
nitric oxide never comes in contact with oxygen, not a trace, as we have said, 

^ Z. anorg. Chem. 31 , 289 (1902). 

* Ann. 293 , 332 (1896). 

* Ann. 292 , 340 (1896). 

* J. Chem. 1 ^. 47 , 623 (18S5). 
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of ammonia is formed. V. Dumrcicher has already shown that acid stannous 
chloride will of itself convert nitric oxide to hydroxyaminc? ; whether he then 
found ammonia or not we cannot learn. This will have depended upon the 
care with which he excluded air. But his observation was of great interest 
at the time, as serving to show what little foundation there was for the hy- 
pothesis of the action of nascent hydrogen in explaining the formation of 
hydroxyamine from nitric oxide by treating it with tin and hydrochloric acid. 
So far, indeed, as we can ascertain by experiments which we have made, the 
presence of the metal does not directly help to form hydroxyamine, and is of 
no service but to generate stannous chloride. It is objectionable on two 
grounds; it leaves the solution charged with unused stannf)us chloride when- 
ever the preparation of hydroxyamine is atopf>ed; and, secondly, the h3"drogen 
it produces carries off the nitric oxide that would otherwise lie on the surface 
of the solution and be absorbed. 

^‘Tin and hot concentrated hydrochloric acid do not sensibh' destroy 
hydroxyammonium chloride. This is our experience, and it confirms that of 
Mr. Shimidzu and one of us, as to the want of action of zinc and sulphuric 
action upon thehj'droxyamine. Furtherstannous chloride in acidsolution has no 
action upon the hydroxyammonium chloride, even when boiled with it; that 
is, for a reasonable time; an aqueous solution could itself rmt be boiled very 
long without suffering some change. Were either tin and hydrochloric acid, 
or stannous chloride, capable of converting hydroxyamine into ammonia, 
what we assert concerning the non-f>roduction of ammonia from nitric oxide 
by tin and hydrochloric acid could not, of course, In? true. According to V, 
Dumrcicher, however, at a ti'm|>erature of loo*^, hvdrox^'amine is quieWy and 
completely reduced to ammonia by excess of stannous chloride. 

^T'oming now to the use of stannous chloride, our experience is, that with 
exclusion of air, not a trace of ammonia is formed by its action upon an acid 
solution of hydroxyamine. In working, we prefer to use a mixture of ferrous 
sulphate, nitric acid, and sulphuric acid as the source of the nitiic oxide. It 
yields the gas in a puri‘ state, and the generator can be charged and worked so 
as to furnish easily, except for a shoii time at. first, a gentle stream of the gas 
for 24 hours at a stretch. To destroj- any nitric peroxide, formed through 
entrance of traces of air into the generator, the gas is sent through a wash- 
bottle of potassium hydroxide solution. This bottle* is scarcely" necessary, 
however, as reaction bc*tween ferrous sulphate and the acids does not begin 
in the cold; and before starting the disengagement of nitric oxide, a current 
of hydrogen is sent through the whole series of flasks and bottles until all air 
has been driven out. Only then is the evolution of nitric oxide commenced 
and passed into the apparatus, the current of hj^drogen being at the same time 
discontinued. The remote end of the arrangement is proydded with a wash- 
bottle as a guard against any reflux of air. When the process is finished, or 
when it has to be interrupted, the current of nitric oxide is stopped and its 
place taken by one of hydrogen again, until all nitric oxide has been chased 
away. The flasks of tin chloride may then be opened with impunity, air hav- 



488 


WILDER D. BANCROFT 


ing no effect upon the hydroxyamine already formed, not even when stannous 
chloride is still present, and being so, goes on changing into the stannic salt 
by contact with the air. 

^The reaction between acid stannous chloride and nitric oxide is not quite 
simple, however. The greater part of the nitric oxide becomes hydroxyam- 
monium chloride, but a part of it is always converted into nitrogen. No 
nitrous oxide is formed. Since much of the nitric oxide passes unabsorbed, 
we could not well take the proportions of it to the hydroxyamine formed at 
the same time. But we many times collected it in quantity, the nitric oxide 
we were using being tested and found pure, as from its source it was sure to 
he. , 

^*There is a remarkable fact about the reaction between nitric oxide and 
stannous chloride, we have yet to mention. At a temperature of fully loo®, 
there is no action between nitric oxide and acid stannous chloride solution. 
The stannous chloride remains unchanged^ for hours together, and neither 
nitrogen nor hydroxyamine is formed. The only thing we have noticed is 
always a trace of ammonia in experiments at loo®, and this, we arc inclined to 
believe, is duo to some other cause than this reaction alone. At 90°, the action 
is still exceedingly small, but as the temperature descends from about 80°, 
it becomes rapidly greater with the descent. 

“We have tried cooling the tin-solution by a freezing mixture, but have 
not succeeded in getting better results than at the ordinary temperature. 
Further experiments are needed, to be sure that a low temperature does not 
favour the reaction . . . . 

“\^l)en nitric acid is in presence of enough watei* to prevent any reaction 
taking place between it and hydrochloric acid, it is not perceptibly acted upon 
by stannous chloride. It may be left for a day or two mixed with these re- 
agents, and remain, as well as the stannous chloride, unchanged. We have not 
yet established this fact by quantitative estimation, air having l^een allowed 
access to the mixture in our experiments hitherto, but we have no reason to 
believe that it is incorrect. 

“If such a mixture is suflSciently dilute, it may even be boiled without 
change, but if not too dilute, reaction is thus set up. Another way of bringing 
about reaction in such a dilute solution, is to add sulphuric acid, already 
slightly diluted so that the heating effect of mixing it with water may be 
avoided, since that alone would afford an explanation of its action. It is thus 
seen that the addition of sulphuric acid, by diminishing the weakness of the 
solution in acid, serves to induce the reaction between the tin salt and the 
nitric and hydrochloric acids. 

“When dilute nitric acid added to the solution of stannous chloride in 
hydrochloric acid is not too dilute, reaction between them proceeds and con- 
tinues until either the stannous chloride has all become stannic chloride, or 

1 |Mr. Milligan suggests that this may be due chiefly to the sparing solubility of 
nitric oxide at the higher temperature.] 
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until the solution has become too dilute in hydrochloric acid. In the latter 
case, we believe that we can cause the reaction to go on again, by passing 
hydrochloric acid gas into the solution, but we have not tried that yet. We 
have only at present added sulphuric acid as mentioned above vnth very 
favourable results. We have not succeeded, however, in destroying all nitric 
acid. 

‘The reaction which takes place results in the conversion of so much of the 
nitric acid as is decomposed into hydroxyammonium chloride and nothing 
else — no ammonia and no gaseous body, provided the stannous chloride re- 
mains in excess. This statement is in direct opposition to that made by von 
Dumreicher, which is, that “acid stannous chloride acting on nitric acid 
yields hydroxylamine, but the reaction proceeds further, and the hydroxyla- 
mine is nearly simultaneously reduced to ammonia.'^ When the stannous 
chloride is in insufficient quantity, the conversion of the last portion of it is 
followed, first, by the solution becoming yellow and smelling of nitrosyl 
chloride, and then by an effervescence of nitrous oxide. If, on the disappear- 
ance of this yellow colour, more stannous chloride is at once added, the solu- 
tion is at once bleached: and if this additional quantity of stannous chloride 
is insufficient, the liquid again l>ecomes yellow after a time. The phenomena 
observed in thivS case, in fact, strongly remind one of those noticed by Vernon 
Harcourt*, in a solution of hydrogen peroxide and hydrogen iodide to which 
sodium thiosulphat e is added each time coloration by iodine reappears. When 
we proceeded in this way, the solution soon became charged with nitrous 
oxide, which escaped with effervescence on stirring.’^ 

If Divers is correct in saying that nitric oxide is not reduced to ammonia 
by acidified stannous chloride and that ammonia is formed to some extent in 
presence of nitrogen peroxide, this means that the reduction of nitrogen 
peroxide by acidified stannous chloride does not pass through the nitric oxide 
stage. As there are no data to show whether the amount of ammonia is or is 
not equivalent to the amount of nitrogen peroxide, we do not know whether 
the ammonia is formed from N2O3 or from th<‘ hypothetical first reduction 
product of nitrogen peroxide, N02n2. This reaction should be studied experi- 
mentally as soon as possible. Mr. Milligan does not feel certain that Divers 
is right and von IXimreicher wrong in the points at issue between them. 

If nitrous oxi<ie is formed solely as a dehydration product of hjqionitrous 
acid, we ought to ge't it on reduction of nitric oxide and under favourable con- 
ditions. If it is formed from the reaction between hyponitrous acid and hy- 
droxylamine this would not bt' the ease, because there is no hyponitrous acid 
when we start, with nitric oxide. As a matter of fact we do not know at all 
what is the first reduction product of nitric oxide. The most probable product 
is hyponitrous acid; but in that case there is no apparent reason why Divers 
should not have obtained some nitrous oxide. The whole matter of the reduc- 
tion of nitric oxide calls for systematic study. 


‘ J. Chem. Soc. 20, 460 (1861). 




490 


WILDER D. BANCROFT 


Guye and Schneider^ have shown that at 280° nitrous oxide is reduced 
very slowly relatively to nitric oxide by nickel and hydrogen and that no 
nitrous oxide is formed during the reduction of nitric oxide. Nitrous oxide is 
evidently not ordinarily an intermediate stage in the formation of hydroxyla- 
mine, ammonia, or nitrogen from nitric oxide. The reduction to nitrous oxide 
can be carried out by means of sulphurous acid.^ 

^Two molecules of nitric oxide react with one of sulphurous acid over 
water in several hours to form aqueous sulphuric acid and one volume of 
nitrous oxide; but, according to R. Weber, the change is not complete even 
after fourteen daj^'s and it is not rapid at the temjxjrature of the lead chamber. 
In presence of platinum black, the reduction to nitrous oxide and even to 
nitrogen takes place readily, the rate of reaction increasing with rising tem- 
perature. According to Lunge the dr}^ gases do not react; but, in presence of 
water, there is a powerful reaction which causes a complete conversion to 
nitrous oxide when there is an excess of sulphurous acid present, no nitrogen 
being formed .... A mixture of nitric oxide, sulphurous acid and oxygen 
always gives some nitrous oxide in presence of water even though there be a 
large excess of oxygen; in presence of sulphuric acid of specific gravity 1.32, 
there is no appreciable trace either of nitrous oxide or of nitrogen. 

''When nitric oxide is mixed with an equal volume of hydrogen sulphide, 
there is a decomposition in the course of a few hours into ammonium sulphide 
with a small amount of nitrous oxide. It seems probable that nitrous oxide 
is not in this case an intermediate product in the ammonia formation. 

The method of formation of nitrogen from nitric oxide is not settled de- 
finitely for all cases. Felgate® shows that nitric oxide and colloidal nickel 
react to form nitrogen and nickel oxide. In this case there is no proof of any 
intermediate hydrogenation, though this may occur. Since acidified stannous 
chloride reduces nitric oxide to hydroxylamine, we must postulate hydrogena- 
tion. If we are going to have hydrogen add on two by two with the splitting 
off of water, as seems to occur with nitric acid, we are rather forced to postu- 
late some such reactions as the following: 

2 NO+ 2 H 2 — > (HN0H)2 — N2+2H2O 
(HN0H)2+H2 — 2NH2OH 
(HN0H)2+2H2 — ^N2H2+2H20 
(HN0H)2+3H2 — ^ 2NH3+2H2O. 

Since ammonia is probably not formed through reduction of hydrazine, it 
would simplify matters if we could write the last reaction : 

2NO+SH2 — > 2HNOH+3H2 — > 2NH3+2H2O. 

The difficulty with this is that it is purely paper work and that we have no 
proof of any of these stages. I hope that this formulation of the problem may 
prove to be the first step in the solution. Sabatier and Senderens^ report that 
palladium sponge and hydrogen reduce nitric oxide completely to ammonia. 

‘ Helvetica chim. Acta, 1, 133 (1918), 

* Spiegel: ^'Der Stickstoff,^^ 89 (1903). 

’Chem. News. 108 , 178 (1913). 

* Compt. rend., 114 , 1429 (1892). 
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The last paragraph has brought up the question of hydrazine which is 
usually not assigned any definite place among the* reduction products of 
nitric acid. Hantzsch^ considers that the salts of dinitrososulphonic acid 

have the formula aiid Duden^ showc^d that potassium 

RO -N - N .SO3R 

dinitrososulphonate gives hydrazine when reduced at o® with sodium amalgam 
or with zinc dust and ammonia. 

KO . N2O . SO3K+4H2 — > N2H4+K2SO3+2H2O. 

According to Spiegel/ careful reduction with sodium converts hydrazine 
into ammonia. 

It was found by von Brackel^ that hydrazine is obtained when a solution 
of sodium bisulphite, silver hyponitrite, and hydrochloric acid (the acid being 
equivalent to the silver) is reduced with zinc dust and glacial acetic acid in the 
cold. The hydrazine was not isolated as such, but a yellow precipitate of 
bcnzalazine was obtained on adding Ixmzaldehyde. The presence of sulphite 
is apparent!}^ essential, just as the presence of sulphuric acid is desirable in the 
reduction of nitric acid to hydroxylamine. I should like to see the experiment 
tried of running nitric acid with and without nitrous acid slowly into a cold, 
concentrated solution of sulphurous acid. 

According to Spiegel/ “sulphurous acid reduces nitric acid very slowly 
unless sulphuric acid is present. If one boils one volume of nitric acid (sp.gr. 
1.4) with five volumes of aqueous sulphurous acid, nitric and nitrous oxides 
are formed; in jin^senee of less water there is a sudden, violent evolution of 
nitric oxide before boiling begins. A mixtun^ of nitric and sulphuric acids 
reacts with sulphurous acid in differiTit ways, depending on the concentration. 
If sulphur dioxide is passed into a mixture of oil of vitriol with ten percent of 
strong nitric acid, lead chamber crystals are formed if the saturated mixture 
is left to itself for twTmty-four hours. If these are redissolved and more sul- 
phur dioxide is passed in, the liquid becomes dark violet if left standing in a 
tightly closed bottle, and contains a mixture of sulphurous acid, which passes 
off in the air or in a vacuum, and nitrous acid.® A mixture of nitric acid and 
dilute sulphuric acid (at k'ast sp.g.1.34) is readily reduced by sulphurous acid 
to nitric oxide. If one drops liquid sulphurous acid into pure nitric acid mono- 
hydrate, there are formed red fumes and lead chamber crystals, which disap- 
pear again when an excess of the reducing agent is added, so that finally there 
is only a slightly colored sulphuric acid. On heating a mixture of the two 
acids, Fr< 5 my observed a formation of nitrous oxide .... 

“Hydrogen sulphide is not attacked at ordinary temperature by nitric 
acid containing no oxides of nitrogen, and there is no reaction when hydrogen 

' Ber, 27 , 3264 (1894). 

* Ber. 27 , 3498 (1894). 

* *'Der Stickstoff,’* 571 (1903). 

*Ber. 33 , 2115 (1900), 

* *'Der Stiokstoff,*' 223, 102 (1903). 

* Girard and Pabst: Bull. (2) 30 , 531 (1878). 
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sulphide is passed into a pure acid of i.i 8 sp. g. If the nitric acid contains 
only so much of the oxides of nitrogen as forms on standing exposed to air at 
25°, the whole of the acid will be decomposed with formation of sulphur, sul- 
phuric acid, ammonia, nitric oxide, and nitrogen.” 

“Nitrous acid in a good deal of water loses two thirds of its ox^en in 
presence of sulphurous acid and is reduced to nitrous oxide. When less water 
is present or when sulphur dioxide is passed into a solution of nitric acid in 
sulphuric acid of 1.4 sp.g., nitric oxide is formed. Nitrous acid dissolved in oil 
of vitriol does not react at all with sulphurous acid.” 

Mr. Milligan believes tlvat there is some reason for postulating the inter- 
mediate existence of the hypothetical acid, HsNsO*. He suggests writing the 
main chain of reductions: 

^ NH, 

HNO3— >-H2N20s — »-HN02— vHsNjO,— »-H2N20— ^-NHsOH — NH*. 

4. I I \ 

NO2 NO N2O N2 

^\^len this work was reported at the intersectional meeting of the American 
Chemical Society held in Syracuse in February, Professor R. A. Baker sug- 
gested that another factor to be taken into account was the direct oxidizing 
action of nitric acid at any rate in concentrated solutions. This is the point 
of view taken by Freer and Higley^ and we know that nitrogen peroxide will 
oxidize iron^ to passive iron. Wliile not denying the possibility of direct 
oxidation, which one must assume if one puts carbon in fused potassium 
nitrate, I see no reason at present for postulating an>i/hing but electrolytic 
corrosion under all ordinary conditions. It will be soon enough to modify this 
hypothesis when it has proved inadequate. Postulating a second hypothesis 
unnecessarily gives rise to indecision and delay. 

The general results of this paper are; — 

1. The action of nitric acid on metals can be considered profitably as a 
case of electrol3d^ic corrosion, the anode reaction being the formation of the 
nitrate. This is the view advocated by Armstrong in 1877. 

2. The nature of the metal shows itself in at least three ways; in the 
reducing power as measured by over-voltage; in the catalytic action of the 
metal; and in the catal^dic action of the salt of the metal. These three factors 
are to be studied in detail. 

3. Acidified ferrous sulphate reduces nitric acid practically completely 
to nitric oxide; acidified stannous chloride reduces it practically completely 
to hydroxylamine; acidified titanous chloride, though a stronger reducing 
agent than stannous chloride, reduces nitric acid mainly to nitric oxide. 

4. The direct reduction products of nitric acid are nitrous acid, hyponi- 
trous acid, hydroxylamine, and ammonia, while nitrogen peroxide, nitric 

» Am Chem. J. 15 , yi (1S93); VI, 18 (1895); 18 , 587 (1896); 21, 377 (1899). 

* Young and Hogg: J. Phys. Cheni. 19 , 617 (1915). 
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oxide, nitrous oxide, and nitrogen arc due to secondary reactions. This is the 
view advocated by Armstrong in 1877. 

5. Hydroxylamine is not necessarily an intermediate stage in the forma- 
tion of anunonia and nitric oxide is apparently not a necessary stage in the 
reduction of nitrogen peroxide, though the evidence in regard to the latter 
point needs confirmation. 

6. In the ordinary reduction of nitric acid, nitrogen probably occurs as 
the result of a reaction between hydroxylamine and hyponitrous acid more 
often than as the result of a reaction between nitrous acid and ammonia. In 
the reduction of nitric oxide, it seems possible that nitrogen may result from 
the dehydration of a hypothetical .sul stance, NHOH or (NHOH)2. 

7. Nitrous oxide is not ordinarily a direct reduction product of nitric 
oxide and it is probably never an intermediate stage in the reduction of nitric 
oxide to hydroxylamine, ammonia, or nitrogen. 

8. Hydrazine is a direct reduction product of hyponitrous acid ; but is not 
ordinarily an intermediate stage in the formation of ammonia. The presence 
of sulphite is apparently essential to the formation of hydrazine. 

9. nie presemee of sulphuric acid increases the tendency to form hydrox- 
ylamine during the reduction of nitric acid; but no .sati-sfactorj' explanation 
of this has yet l)een offered. 

10. While it is probable that nitrous oxide results, ordinarily from the 
dehydration of the syn form of hyponitrous acid, it is not known what the 
relation is between the syn and anti forms on the one hand and the production 
of hydroxylamine, ammonia, nitrogen, and hydrazine on the other hand. 


Cornell University, 



THE SOLUBILITY OF GASOLINE (HEXANE AND 
HEPTANE) IN WATER AT 2 s^O 


BY LOWELL H. MILLIGAN* 

In connection with an investigation of a method for analyzing air for gascv- 
line vapor, it was necessary to determine the solubility of gasoline vapor in 
water at 2S°C, From the data obtained and the vapor pressures of hexane 
and heptane at 2 5®C., it has been possible to calculate the approximate solu- 
bility of liquid hexane and heptane in water at this temperature. The results 
diflfer]Jso greatly from the meager data available in the literature, that they 
are*presented here. 

Herz* determined the miscibility of hgroin with water and of benzene with 
water, and found that at 22®C.: 

roo voL of water dissolve 0.341 vol. liquid ligroin. 

100 vol. of water dissolve 0.082 vol. liquid benzene. 



Fig. I 

Glaas Apparatus for the Determi- 
nation of the Solubility of 
Gasoline Vapor in 
Water at 25*^0. 


If it be assumed that ligroin is alight petroleum 
distillate, its solubility should be of the same 
order of magnitude as that of casing-head 
gasoline. 

In the present work the solubility of 
gasoline vapor in water was first determined. 
This was done by preparing a stable mixture 
of the vapor and air by completely evaporating 
with electric heat a little of the gasoline in a 
gas-tight box and thoroughly mixing the gases 
with an electric fan. A sample of this mixture 
was analyzed accurately several times by 
combustion in a Bureau of Mines t3^pe of 
Haldane gas analysis apparatus. The average 
of these analyses was assumed to represent the 
true composition of the sample. Twenty cubic 
centimeters of the sample were introduced into 
the glass apparatus shown in Fig. i, which 
was kept at 25°C. by immersion in a water 
bath agitated with air and maintained at this 
temperature, and the stopcocks were closed 
after the sample was adjusted to approximately 
atmospheric pressure. The apparatus was 
then removed from the water bath and 
shaken violently up and down for two minutes, 
which was a sufficient time to bring about 


‘ Published by permission of the Director, Bureau of Mines, Department of the 
Interior. 

• Consulting Chemist, Pittsburgh Experiment Station, Bureau of Mines. 

»Her«; Ber. 31 , 2669 (1898). 
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equilibrium, and the residual gas was transferred to the Haldane apparatus 
and analyzed. From the average result of several such procedures the absorp- 
tion coefficient of the gasoline vapor in water at 2S®C. was calculated. 

The results obtained by this method for motor gasoline, casing-head 
gasoline, and also for hydrogen, Pittsburgh natural gas (90% methane and 
10% ethane) and benzene, are given in Table I. Hydrogen and Pittsburgh 
natural gas were used in order to chock the method against known data. The 
gasoline samples were straight petroleum distillates; the motor gasoline dis- 
tilled between 45® and 2o6°C., with an average boiling point of iip^C. at 
747 mm. pressure; the casing-head gasoline distilled between 33° and 126^ 
C. with an average boiling point of 62 %^, at 743 mm. pressure. The average 
hydrocarbon present in the motor gasoline vapor sample was slightly over 
CtHw and that in the casing-head gasoline vapor sample was slightly under 
CpHu. In making the calculations of solubility the total pressure has not 
been corrected to exactly 760 mm. of mercury, nor has the small volume 
change in the sample due to the changes in the partial pressures of the oxygen, 
nitrogen, and the combustible gas been taken into account, because these 
factors are within the experimental error of the method, and would not appre- 
ciably affect the final results which are expressed to only two significant 
figures. 

The agreement between the values of the solubility coefficient determined 
in this way for hydrogen and Pittsburgh natural gas, and the values obtained 
from tables of solubility, shows that the method gives satisfactory results. 
The solubility coefficient represents the volume of the gas or vapor 
reduced to o°C., which will dissolve in one volume of w^ater at 2 5°C, when the 
pressure of the gas over the water is 760 mm. Although this condition cannot 
actually exist with gasoline or benzene, since in these cases the vapor pressure 
of the liquid is considerable less than 760 mm. at 2 5®C., nevertheless the co- 
efficients can be compared to similar coefficients for true gases, and can be 
satisfactorily used in calculations involving the lower vapor pressures which 
are experimentally obtainable. 

The solubility of gasoline vapor in water is considerably less than was 
expected from reasoning based on the fact that ethane is more soluble than 
methane. Apparently, however, as the molecular weight of the paraffine 
hydrocarbons increases, the corresponding solubility by volume first increases 
then decreases to values lower than those for methane, and then increases 
slightly again between hexane and heptane. The calculation of the solubility 
of benzene vapor was made on the basis of only one analysis and is consequent- 
ly less accurate than the other determinaitons. 

From the values of the solubility coefficients for gasoline vapor of compo- 
sition corresponding to hexane and heptane, and for benzene vapor, it is possi- 
ble to calculate the approximate value for the solubility of liquid hexane» 
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heptane^ and benzene in water at 25®C. These calculations^ lead to the values: 

100 vol. water dissolve 0.0014 voL liquid hexane. 

” 0,0007 heptane. 

” o 07 benzene. 

Herz^s value for the miscibility of ligroin in water is more than one hun- 
dred times larger than the solubility of hexane or heptane determined in this 
way, and it is probable that he was dealing with a partial emulsion of ligroin 
in water, which was not broken down completely under the conditions of his 
experiments. The value he obtains for benzene is of the right order of magni- 
tude, and shows that there was littk', if any, emulsification of the benzene. 

The method given in this paper is of general use for determining the true 
solubility of a sparingly soluble liquid which has an appreciable vapor pressure, 
and should be of special value in distinguishing between true solubility and 
emulsification in cas€*8 to which it can be applied. The fact that the coeflB- 
cients representing the solubility in water at 2 5®C., for methane, ethane, hex- 
ane, and heptane, change in an irn^gular manner, shows that this solubility is 
not a continuous simple function of thi* molecular weight of the paraffine 
hydrocarbons. 


* The volume of hexane, say, dissolved in water in equilibrium with liquid hex^e, 
will be the amount dissolved when the partial pressure of the hexane vapor in equilibrium 
over the solution, is equal to the vajmr pit»asure of liquid hexane. Therefore, if F is the 
volume of the hexane vapor considered as a perfect gas reduced to o^C., dissolved per cubic 
centimeter of water in equilibrium with liquid hexane at 2$°C.: 
ot 2s^r X ^vap. press, liqu id) 

” 760 

The weight of this vapor, ir, in grams jw 100 cc. of water, is; 
ioo«350c, x(vap. press, liqui d )2s**c X (molec. wt.. ) 

760X22,400 

The volume of liquid hexane, r, which 100 cc. of >vatcr at 2^W will dissolve, is therefore: 
iooot250c X(vap. press. liqukDis^r X (molec. ivt.) 

* 760 X 22, 400 X ( density liquid 


Hexane 

Heptane 

Benzene 


Approximate values for use in tills formula are: 


(density liquid)25‘»c 

1 (vap. press. liquid)25‘'c 

0.66 

i 150 mm 

0.70 

1 46 ” 

0.87 

: 95 " 



BLUE EYES 


BY CLYDE W. MASOn' 

For a long time it has seemed highly probable that blue eyes owe their 
color to structure rather than to a blue pigment. Briicke^ appears to have 
made the first statement regarding this. ^There is no blue pigment in the iris 
of blue-eyed persons; but it looks blue because there is a dark pigment behind 
the whitish, transparent tissue. Later he* recognized the blues of turbid 
media in an extensive paper; but did not apply this to the question of blue 
eyes. In 1866 Helmholtz^ stated that ‘‘the stroma may contain pigment, 
resulting in brown ; otherwise it appears blue like a turbid medium in front of a 
black background.^' Tyndall* and Rood® have concurred in this. Quite 
recently Bancroft^ has assembled the statements of some other writers on this 
subject and has pointed out the conflict of their views with the older ones, and 
the necessity for an experimental study of the subject. 

Roberts® says: “The iris, on which the color of the eye depends, is a thin 
membranous structure composed of unstriped muscular fibt'rs, nerves, and 
blood-vessels, held together by a delicate network of fibrous tissue. On the 
inner surface of this membrane there is a layer of dark purple pigment called 
the uvea (from its resemblance to the color of a ripe grape), and in brown eyes 
there is an additional layer of yellow( and perhaps brown-red) pigment on its 
outer surface also, and in some instances there is a deposit of pigment among 
the fibrous structures. In the albino, where the pigment is entirely absent 
from both surfaces of the iris, the bright red blood is seen through the semi- 
transparent fibrous tis.sucs of a pink color, and in blue eyes, where the outer 
layer of pigment is wanting, the various shades are due to the dark inner layer 
of pigment — the uvea — showing through fibrous structures of different densi- 
ties or degrees of opacity. The eyes of new-born infants of both white and 
black races (and I believe the new-born of all the lower animals) are dark blue 
in consequence of the greater delicacy and transparency of the fibrous portion 
of the iris; and as these tissues become thickened by use, and by advancing 
age, the lighter shades of blue, and finally gray are produced; the gray, indeed, 
being chiefly due to the color of the fibrous tissues themselves. In gray eyes, 
moreover, we see the first appearance of the superficial layer of yellow pigment 

^ The investigation upon which this article is based was supported by a grant from the 
Heckscher Foundation for the Advancement of Resc'arch, established by Aug^ Heckscher 
at Cornell University. 

* Sitz. Akad. Wiss. Wien, Abt.l, 7 , B02 (1851). 

* Briicke: Sitz. Akad. Wiss. Wien, Abt.l, Q, 550 (1852). 

* Handbuch der physiologischen Optik, 1, 15 (1866). 

*Phil. Mag. (4) 37 , 393 (1869); ^‘Fragments of Science: The Sky” (1888). 

* ‘‘Modem Chromatics”, 58 (1879). 

7 J. Phys. Chem. 23, 356 (1919)- 

* Brit. Ass. Keports, 50 , 135 (1880). 
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m the form of isolated patches situated around the margin of the pupil, or in 
rays running across the iris. In the hazel and brown eyes the uvea and the 
fibrous tissues are hidden by increasing deposits of yellow and brown pigment 
on the anterior surface of the iris, and black eyes result when this is very dense. 
It is very doubtful, however, whether the iris is ever so dark colored in the 
inhabitants of this country as to justify the term black being applied to it, and 
the popular use of the expression has reference* to the widely dilated pupil 
common in persons with dark brown eyes. The nearest approach to a black 
eye among us is the dark blue or violet eye associated with black hair in some 
Irish adults; here the color is probably not due entirely, as in infants, to the 
greater transparency of the fibrous structures, but to interstitial deposits of 
black pigment, or to a layer situated on the anterior surface* of the iris.’' 

This view-point seems to have been adopted by the biologists^ and to be 
disputed by the medical men. 

One physician writes that *Hhe color of the iris is dependent ui)on two 
factors, namely, the amount of pigment in the pigment epithelium on the back 
of the iris and the amount and distribution of the pigment in the stroma of the 
iris. The pigment graniil(*s are all practically of the same color, dark brown. 
[The layer of dark purple pigment, called the urea from its resemblance to the 
color of a ripe gra|x\ is appar(*ntly a myth.] In some albinos the iris is (*ntirely 
free from pigment and appears pink. In all other cases the pigment epithelium 
is so densely packed with pigment that, se(*n by itself, it apfx*ars black. A 
blue iris ai)pears so because the stroma is free from pigment and the pigment 
epithelium is seen through the translucent stroma and appears blue just as 
veins appear blue wlu‘n su'en through a delicate skin. All other colors of the 
iris are deiKuideut upon tlie amount of pigment in the stroma; if this is abun- 
dant, as in the negro, the iris apjx'ars black. Practically all infants are born 
without any pigment in the stroma so that their eyes are bliu*. The thickness 
of the iris varies in different eyes and in different places in the iris, and also 
varies with the dilatation of the pupil. Aftor Z(*nker s fixation there is practi- 
cally no shrinkage of the iris, and measurements that I have matle after such 
fixation show the iris to measure 0.4-0. 6 mm in thickne.ss. I know of no 
measurements made on frozen sections of fresh eyes.’’ 

Pouchet considered the bluovs of turbid media exhibited by various tissues 
to be related to fluorescence and named the phenomenon cerukscence, Man- 
doul* takes issue with him and has established the naturt* of Tyndall blues in a 
considerable variety of animal tissues. 

This diversity of opinion, together with the apparent absence of any 
actual experimental data for either side, seems to justify further study. The 
determination of the nature of the blue colors in feathers® involved the develop- 
ment of methods which are applicable to the identification of structural blues 
in other subjects, and the same criteria may be employed. 

'Darbishire: ^‘Breeding and Mcndelian Discovery,'* 41 (1911 1; Davenport: 
^'Heredity in Relation to Eugenics, a; (1911). 

* Ann. Sci. Nat, Zool. (8) 18, (1923). 

* Mason: J. Phys, Chem. 27, 215 (1923). 
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The most characteristic and most readily observed properties of the so- 
called 'Tyndall blues^^ (of txirbid media) are: 

1. Minute particles, <o.6m, of different refractive index from the 
surrounding medium. 

2. Scattered light is blue; transmitted light is yellowish. 

3. Scattered light more or less polarized; vibration in plane normal to 
the direction of the incident beam. 

Other properties, such as change on swelling, permeation, pressure, etc. 
are applicable only when the particles are pores or cavities. 

The aim of this investigation was to demonstrate either that a blue pig- 
ment was present, or that the blue was of the typical Tyndall type, analogous 
to the blue of the sky, smoke, skimmed milk, blue feathers, etc. 

Human material was not available but the same methods may be applied 
to it as were employed in this study. Mr. Irvine H. Page kindly furnished us 
with specimens and aided in the dissection. 

Several eyes of two weeks old kittens were studied. These were of a clear 
blue, rather better than the blue eyes of most people. (It should be mentioned 
that very few blue eyes are really better than a blue gray. The blues do not 
compare in brilliance or purity with those of the other blue media mentioned 
above). The material was examined within four hours of death, was not 
treated with any preservative, and physiological saline solution was used as 
a mounting medium. Observations with transmitted light were carried out 
with daylight, while the scattered light was observed with a dark-field illum- 
inator, and also by sending a horizontal beam of light through the preparation 
in the field of the microscope, a concentrated-filament lamp and bulls-eye 
condenser being employed. 

Polarization was observed by placing a cap nicol prism over the ocular 
of the microscope, and revolving this to the position of minimum intensity of 
the light scattered by the preparation. A selenite plate ("ist. order red'’) 
gives a red to green color change when placed below the nicol in the above 
system. The horizontal beam across the field of the microscope was employed 
for this observation. Care was taken to distinguish between effects due to the 
irregularities of the external surface and those due to the polarizing action 
within the tissue itself. 

The iris was separated into the stroma layer, and the black pigment layer 
(uvea). The stroma, by transmitted light was turbid yellow — of the same hue 
as that of other turbid media; the color was not localize<l in pigment granules. 

Against a dark ground, the stroma scatters whitish blue light and with 
a 3 mm objective a haze of tiny points of blue light was observed. The 
scattered light was partially polarized, and the vibrations were in the plane 
normal to the direction of the illuminating beam. No evidence of a blue pig- 
ment was noted; the yellow appearance by transmitted light would preclude 
the possibility of such a pigment being present. 

The sclerotic layer ("white" of the eye) was of a turbid, bluish white, and 
microscopic study revealed the same of)tical characters as in the case of the 



BLUE EYES 


501 


iris. The absence of marked surface irregularities renders the examination 
simpler than that of the iris. 

The* pigment of the uvea is not purple but dark brownish black (melanin) 
and serves as a background for the turbid stroma. In like manner the choroid 
serves as a dark background for the sclera though the latter is frequently so 
thick and so opaque that the dark background is regally not necessary and the 
sclera appears almost white. 

The retina presents a bluish gray appearance, and shows the properties 
of a Tyndall blue medium, though to a less degree than the stroma or sclera. 
This is no dotibt due to the scattering of light by the various minute structures 
of the retinal nerve endings. The ‘‘visual purple” is another thing. It is a 
true pigment, has l)een isolated and studied chemically, and it fades rapidly 
in the light*. 

Blue pigments apfx^ar to Ix' very rare, except in the vegetable world, and 
it is probable that most blue anrl bluish-white turbid substances (tissues, etc.) 
are simply examples fo th(* Tyndall blue. Their nature might be established 
by simple tests as outlined above. It would also be interesting if some one 
with an abundance of exf>erimental material would compare different shades 
of blue eyes and blu<‘ <‘y<'s of persons of difftnent ages, to establish a more 
definite relatioiLship lK»tw^(‘<m tlu' size and number of the particles of the turbid 
layers and the color of the oye, A stinly of the inen^ase in whiteness and 
opacity of the sclera with age might also be interesting. 

This structural basis of the blue of oyos fits the observed fact that the 
blues g<uu‘rally IxTome lighter and grayer with age, for a slight increase in the 
siz(‘ of the tiny f)articl<\s would accomplish this. The <lev(dopm(Uit of a yellow* 
to brown jiigment in the turbid stroma would of course give shades ranging 
from gre(*n to haz<‘l or l)rowuL 

The ctmclusions of this pajK'r confirm those of Bancroft s article- and are 
as follow’^s: 

1. In bliK' eyes there is no pigment in front of the uvea, which is browm- 
ish black (melanin). 

2. The blue color is the color of turbid media (Tyndall blue) and is 
localized in the stroma. 

3. The uvea serves as a dark background and |x'rmits the maximum 
appearance of blue from the turbid stroma. 

4. Pigmentation in the stroma may combine with the blue to give 
gn*en, hazel, or brown eyes. 

5. Increase in the size of the particles of the turbid layer would account 
for lessened clearness of the blue with age. 

6. The sclera consists of a thick layer of dense whitish Tjmdall blue, 
backed by the black choroid. 

Cornell University. 

August 1, J9SS. 

' Ayers: N. Y. Med. Jour. 1881, 582. 

* J, Phys. Chem. 23, 356 (i9J9)- 



THE ELECTROLYTIC POTENTIAL OP CALCIUM 

BY M. TAMELE 

The electrolytic potential of calcium has not yet been determined experi- 
mentally; the value — 2.5 volts (hydrogen taken as zero) usually given in tables, ' 
cannot be accepted as correct since it has been calculated from the heat of 
reaction*. 

The potentials of dilute lithium and calcium amalgam, as recently derived* 
seem to indicate, that calcium — contrary to expectations from the “electro- 
chemical” theories — has the most negative potential of the alkaline earths. 
The values of these electrol3d.ic potentials are of special interest since G. N. 
Lewis has found a curious order in the potentials of the alkali metals* namely, 
lithium, as the most negative, and then potassium, rubidium and sodium. 
Considering J. Hcyrov8k^'’s remarks on the theory of “electro-afiinity”,* it is 
not improbable that the electrolytic potential of the least basigenic metal of 
the triad, calcium, strontium, and barium, might have the most negative 
value its equivalent weight being the least. 

Since metallic calcium is violently attacked by all aqueous solutions, the 
indirect method of G. N. Lewis had to be applied, viz. to determine the poten- 
tial difference between a calomel electrode and a dilute calcium amalgam in 
water and the potential difference between the same amalgam and the calcium 
electrode in a dry non-aqueous solvent, of which were tried paraldehyde, 
diethylamine and pyridine. However, in all of these solutions, which were 
carefully dried and reduced by hydrogen and kept out of contact with oxygen, 
calcium showed great passivity. The only way of activating the metallic 
calcium electrode was to scrap the s\irface of the metal. 

After several trials, the measurements were carried out finally in the appar- 
atus shown in Fig. 1. 

In the vessel A, into which pyridine was distilled after standing twenty- 
four hours over metallic sodium, the electrodes B and C are placed, consisting 
of a calcium amalgam and a metallic calcium rod respectively. The connec- 
tion to the calcimn metal was made by an iron pin fixed to the lower part of 
the metallic rod which was fastened in a closely fitting glass tube and their 
connection was covered by paraffin wax. 

The material used was from Kahlbaum's electrolytic calcium rod, and on 
analysis was found to contain traces of iron and aluminium. The amalgam 
was prepared by electrolysis from an aqueous solution of pure calcium chloride 
and was carefully dried. 

‘ N. T. Wilsmore: Z. physik. Chem. 35 , 309 (1900). 

* J. Heyrovsky: PhU. Mag. 14 , 303 (1923). 

* G. N. Lewie and others: J. Am. Chem. Soc. 32 , 1459 (1910); 34 , 119 (1912); 35, 
340 (t9i3); 37 , 1983 (1915)- 

* J. Heyrovfiky: Proc. Roy. Soc. 102, 628 {1923). 
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C'lose to the surface of the metallic calcium an automatic glasH-scraper 
was fixed, which was driven by an elc^ctric motor. The electrolyte used was 
calcium iodide, which had l^een dried at 22o°C in a stream of jiure dry hydrcv 
gen. Dry hydrogen was passed through the solution during the measurements 
in order to prevent air penetrating through the bearing round the scratcher 
rod. 



The aqueous coll consisted of a calomel electrode D and the calcium amal- 
gam electrode E, which w^as filled with the same amalgam (from the same 
reservoir) as used in the pyridine cell and was occasionally renewed by allow- 
ing the amalgam to drop out slowly. The electrolyte calcium cliloride in 
a N/10 normal or normal solution. Pure hydrogen w'as also bubbled through 
this solution. The electrode E was connected wdth the electrode B by a wire 
and the terminals D and C of the calcium and the calomel electrodes were 
connected through a galvanometer to the potentiometer bridge. 

The aqueous and the pyridine cell (or in some cases also a similar diethj^la- 
mine cell) were first investigated separately. It has been found that the 
potential of the aqueous calcium amalgam electrotie depends on the concentra- 
tion of calcium ions as well as on the concentration of the calcium amalgam 
in a strictly reversible way, (See Table I), 
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Table I 

Temperature i7-i8®C 


Anial- 

E. M. F. 

of the cell 

gam 

Amalg. 1 CaCIj,HgClsol. | Hg. 

No. I 

N/io CaCl, 

2.2765 volts 


N/100 CaCU 

2.3585 volts 

No. 2 

N/io CaCl, 

2.2765 volts 


N/ioo CaCl, 
Table 11 

2 -.3S.lS volts 


Temperature 17°- 

I8°C 

Amab 

Concentration 

P. D. from the N/io 

gam 

of the amalgam 

(‘alomel electrode 

No. 3 

0.0076% 

2 .2774V. 

No. 4 

0.0125^ 

2 . 2820V. 

0.0046 V. —diff. 
calculated from the 
concentration ratio 
diff. = 0.0056 volt. 


The E. M. F. of the noii-aqueous cell was less constant. If not scratched 
the value was about 0.6 volt and indistinct. During scraping the value rose 
to 0.88-0.00 volts and remained constant, varying slightly with the concen- 
tration of the calcium amalgam. After prolonged, very intensive scratching 
the E. M. F. fluctuated towards still greater values, which was most probably 
due to the warming of the rubbed surface. Owing to the instability of the 
calcium amalgam the final determinations had to be obtained from the couple 
as shown in Fig. i., to ensure the same concentration of amalgam in both 
amalgam electrodes. 

The final results were : — 

With N/jo calcium chloride in the aqueous solution the total 10. M. F. « 
3,i2o=bo,oo5 volts; with a N/i solution: 

= 3 >052=^0,004 volts, (room temperature, j7-i8®C) 

These values were always obtained when not too high speeds of scratching 
were applied; however they coincided only within 8-10 millivolts when differ- 
ent electrodes were used. 

From this the E. P. from the normal calomel electrode is» —3.040 and 
—3.048 volt or from the normal hydrogen electrode = — 2.754 and — 2.762 volt 
respectively. 

Thus the electrol>i;ic potential of calcium appears to be —2.758=1=0.004 
volts, the normal hydrogen electrode btdng taken as zero. 

The recent exact determinations of the specific heats of calcium, calcium 
oxide and calcium hydroxide^ would allow us to calculate the electrolytic 
potential of calcium by means of the Nernst's theorem in a more exact way 
than that mentioned first, if the heat of oxidation of calcium were known with 
certainty. This is given by J. Thomsen as i3i;30o, by Guntz and Basset as 
» H. Miething: Tabelien zur Berechnungetc., Abhandl. deutsch. Bunsenges. No. 9 (1920) 
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151,900, by Moissan as 145,000 and by R. do Fororand as 150,600 calories.^ 
Then the affinity At of the reaction Ca+ 0 =C-aO+Qt 

is Ai = RT In — where p© = pressure of oxygen 
P 

p== partial pressure of oxyg(*n in equilibrium with 
solid Ca and ("aO 


Further, log p = ^ h i • 75 log T + +2,8 (1) 

4,571 T 4,571 

For po~ I, At = —RT In p 

lo^P=- 

4,571 T • 

Hence suVistituting in the equation (i) we obtain 

Ai=Qi - 4, 571X1,7 5T.logT - 4,5 7 r X 2,8T - 
Ijoi us take for Qi the average* i.e. the Moissan value as the most probable. 
Then Q; = 1 4 5 ,000 cal. 

further T = 300° abs. 

and / 3 = —0.0017 (from the difference of heat capacities), 
whence we obtain A i = 1 3 5 ,400 cal . 

The affinity A2 of the reaction 

( 'aO + H 2O = ( a ( OH ) 2 + Q2 

using Miething’s tables and taking 15,540 cal. for Q>(Thomsen) 
is As = 13,850 CvtL 

To this th(* heat of hydration of calcium hydroxide* 

‘ ('a(OH)2+Ht>() = (^a(OH)2 H.O+Qa 
must be added. A3 = Q3 = 2 79o cal. 

Then the affinity A of the whole reaction 

Ca+ 0 + 2 H 2 O = ( a{OH )2 . HjO 
is A = A1+A2+A3 — 152,040 cal. 
or in volts: A = 3,297 volts, 

which is the P. I), of the calcium electrode measured against an oxygen tdec- 
trodc in the saturated calcium hydroxide solution. 

The P. D. of the calciimi electrode against a hydrogen ek*ctrode in the 
same alkaline solution is 1,26 volts less. 

The hydrogen electrode in this solution of hydroxide is 0,781 volt more 
negative, and the concentration of calcium ions in this saturated solution of 
hydroxide is 0,02 molar. 

Thus we have 3,297 — 1,26+0,781—0,044 = 2,77 volts, which is theP. D. 
between the normal calcium electrode and the normal hydrogen electrode and 
should be equal to the normal electrolytic fiotcntial of calcium, which has been 
found to be 2,76 volts. 

The author is much obliged to Professors B. Brauner and J. Heyrovsky 
for their encouragement and help. 


Inorganic Department^ Chemical Institute 
of the Charles University^ Prague, 


* J. W. Mellor: Treatise on Inorg. and Theor. Chem. 3 , 662 (1923). 



FLUOSILICIC ACID. Ill: METHOD OF TITRATING 
AND PROPERTIES 


BY C. A. JACOBSON 

In previous communications^ the author has reported upon the preparation 
of fluosilicic acid having a concentration in water solution of nearly 6i%, which 
he considers the maximum obtainable at room temperature. He has also 
shown by several different types of experiments that this acid does not exist 
as such in the vapor phase, but decomposes into SiF4 and H2F2 the moment it 
passes out of liquid water, and is similar to carbonic and sulfurous acids in 
this respect. It has also been shown that when the acid is thus decomposed 
the silicon tetrafluoride formed may exist in the presence of water vapor with- 
out combining with it to precipitate fluosilicic acid and silicic acid or silicon 
dioxide; and, whenever h3^drofluoric acid reacts with silicon dioxide or glass 
in the presence of water, the SiF4 first formed immediately reacts with the 
water to form fluosilicic and silicic acids according to the equation : 

3 SiF4+ 4H2O = 2H2SiF«+ H4SiO. 

From the fact that so many different methods for the quantitative deter- 
mination of this acid in solution have been proposed one may rightly infer 
that the determination is fraught with many diflScuIties. Other acids like 
hydrofluoric and hydrochloric may accompan^^ it except when especially puri- 
fied, so that when the fluosilicic acid is determined volumetrically the results 
will be too high. Various methods have been recommended to circumvent 
the difficulty but none are entirely satisfactory, 

Katz^ suggests first to titrate the H2F2 and one third of the H2SiFt} in 
50% alcohol, and then the remaining two thirds of the latter acid in water, 
using normal alkali, but found that the first stage titration was indefinite on 
account of the color of the indicator fading out more or less rapidly. Others 
have tried to precipitate the h^^drofluoric acid as insoluble fluorides and then 
titrating the remaining fluosilicic acid, but these methods have also been dis- 
carded for the reason that insoluble fluosilicates are formed together with the 
fluorides. 

S. Honig® has taken a long step forward in working out a satisfactory 
method by suggesting that the acid can be titrated in two stages, but did not 
follow up his preliminary work until a really satisfactory method was evolved. 
It is along this line that the author has exj)ended most of his energies, and 
now believes that he has a method, though not yet perfect, may be 
considered an improvement over the older methods. The principles of this 
method were first suggested to him by the late Dr. B. F. Lovelace of Johns 
Hopkins University, although the essential details have been worked out 
independently. 

1 J. Phys. Chem. 27 , 577, 761 ( 192 ^), 

*Chem. Z. 28 , 356, (1904). 

• Chem. Z. 31 , 1207. 
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The method consists in adding a suitable neutral salt which reacts with the 
acid and precipitates the insoluble fluosilicate, allowing of two independent 
titrations of the original portion of acid, thus letting one serve as a check upon 
the other. A volume of the water solution of the acid, not exceeding 10 cc, and 
containing not over o.i-o.2g.H2SiFfl is cooled in an ice-bath to approximately 
zero degrees. To this solution is added about a gram of KCl or NaCl, and it is 
then titrated with one normal alkali, using methyl orange as indicator. A 
sharp end-point is obtained. The reactions that take place may be represented 
as follows: 

H2SiFe+ 2KCI - K2SiFe+ 2HCI 
2Hri+2KOH - 2KCI+2H2O 

This is the first stage of the titration and gives unifonn results provided 
no other acid is present, in which case the results would be too high. Water is 
then added to the titration mixture until the volume amounts to 50-75 ce, but 
not in excess of the latter volume, and heated to near boiling, (95®). About 
5 drops of a phenolphthalein solution are added and the solution titrated to 
color whik' near th(‘ boiling point. The methyl orange first added does not 
interfere with the detection of the end-point in the secon<l stage. The reaction 
taking place in this stage may be represented thus: 

KoSiF6+ 4KOH - CKF+HiSiO* 

where it is seen that twice as much alkali is required in the second titration as 
in the first. One titration therefore serves as a check upon the other, but a 
small correction must be* applied to the second stage, which is negative and 
amounts to about o. 6 ^'( for an acid titrating 30-50^^ by the first stage. 

While this method for determining HeSiF^ seems to yield more consistent 
results than the others, it is by no m(*ans perfect. The two principal imperfec- 
tions may be given as follows : It is very difficult to maintain the temperature 
so low and the solution .so concentrated that the reaction products of the first 
stage will not begin to pass over into the second liefore the first-stage reactions 
arc completed. The temperature should therefore be kept as near zero as 
possible and the concentration of acid not less than ono or two jx'reent, while 
the actual amount of acid titrated should b<' small. The last-mentioned condi- 
tion will prevent the dilution of the solution with a large volume of the base 
and cause an appreciable teni|KTature rise due to the heat of reaction. When 
these conditions are not fulfilled there will be a more or less gradual fading of 
the indicator due to the products of the reaction passing into the second stage, 
which is more pronounced the higher the temperature and the more dilute the 
solution. Hudleston and Bassett^ have carried out an elaborate investigation 
of these fading phenomena, but all their data seem to support the view that the 
fluosilicate goes over to the fluoride and silicic acid in the presence of alkali, 
and that this transformation is accelerated by temperature and dilution. Their 
fading experiments, therefore, seem to have but minor significance. 


» J. Chem, Soc. UO, 40.S (1921) 
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The other imperfection in the method applies to the second-stage titration 
where slightly higher results are obtained than demanded by theory, and 
therefore a negative correction must be applied to the results in this stage* 
No satisfactory explanation of this is at hand, but it may be due, at least in 
part, to the adsorption of free acid by the precipitated fluosilicate, which is 
removed from the sphc're of action in the first stage but liberated and titrated 
when the salt is decomposed. Another, and more plausible explanation may 
be found in the fact that strong alkalis attack glass and various silicates. The 
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Table I 


Vol 

titrated 

Temp. 

IK. Salt 

Indicator 

CC. N NaOn 

%H,SiF, 

Correction 

lO CC. 

IO° 

NaCI 

Me-Or 

9.91 

35-76 


6o cc. 

95 " 


Ph-th 

2995 

36.02 

— 0.26 

lo cc. 

lO*^ 

NaCl 

Me-Or 

7.21 

52 03 


6o cc. 

95" 


Ph-th 

21.98 

52-87 

— 0 84 

lo cc. 

IO° 

NaCl 

Me-Or 

8.01 

57.80 


6o cc. 

95" 


Ph-th 

24-34 

58-34 

-0.74 

lo cc. 

10^ 

KCl 

Mc-Or 

3*47 

37-56 


6o cc. 

95" 


Ph-th 

10.58 

38.17 

— 0.61 

10 cc. 

10® 

KCl 

Mo-Or 

2.43 

26.29 


6o® 

95" 


Ph-th 

7-43 

26.81 

-0.52 

lO cc. 

10® 

KCl 

Me-Or 

7-50 

54*15 


6o cc. 

95" 


Ph-th 

^ 5-19 

54-79 

— 0.64 

lo cc. 

ro 

KCl 

Me-Or 

7 56 

54-55 


6o cc. 

95 


Ph-th 

^535 

55-38 

1 

0 

bo 

0- 

lo cc. 

10 

KCl 

Mc-Or 

7-75 

55-92 


6o cc. 

95 


Ph-th 

15.68 

56.58 

-0.66 

10 cc. 

10 

KCl 

Me-Or 

7.66 

55-29 


6o cc. 

95 


Ph-th 

15-39 

55-51 

— 0.22 

lo cc. 

10 

KCl 

Ph-th 

7-55 

54-48 


6o cc. 

95 


Ph-th 

15*40 

55-56 

— t .06 

6o cc. 

10 

KCl 

Ph-th 

7.70 

55-56 


6o cc. 

95 


Ph-th 

15*31 

55 -24 

+ -32 

6o cc. 

10 

KCl 

Ph-th 

7.02 

33.77 


6o cc. 

95 


Ph-th 

20.74 

33.26 

+ -S* 


12 
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silicic acid, which is formed in the second stage titration, being slightly soluble 
in hot wat(*r, would undoubtedly react with the alkali to form the soluble 
ortho or meta silicate, (/onsequently, th<^ larger the volume of water used in 
the second-stage titration the greatc‘r would be this influence. This assump- 
tion has been verified by a long series of experiments. Th(' volume of liquid 
in the second stage titration was gradually increast'd from 25 cc to 1000 cc, 
and the results found to increase in the same ratio as the volume, so that when 
the original 10 cc liquid in the first stag(^ was diluted to on(‘ liter and titrated 
in the second stage the results were aliout 4.5^^ higher than by the first stage 
titration, that is, for a 55^;^ HaBiFe solution. Further consideration will be 
given to this problem. 

Table I contains a few actual readings, illustrative of the method. 

Column 1 of the table gives the number of the experiment carried out in 
two stages. Column 2 gives the volume of the acid titrated, 3 the temp(‘ra- 
tures, 4 the neutral salt added, 5 the indicator, as explainer! in the note, 6 the 
number of cc of normal NaOH usi'd for titration, 7 the percentage of acid 
found and 8 the correction to be applicHl to the second-stagf^ titration. Methyl 
orange is abbreviated to Mc^-Or and phenolphthalein to Ph-th in column 5. 

From the first eight experiments, jK'rformed under similar conditions, it is 
seem that the average* correction to be' applied to the second stage titration is 
— 64^/( when acids analyzing Ix'twe'en and 58^ ( an* titrated. The ninth 
brings out the influence of dilution on the first-stage titration where it is seen 
that the fiivt-stage r(‘action has be'cn slightly exce'eded, and in the tenth the 
influence of the indicator. Experiments 11 and 12 show that when the same 
volume of acid is used in the first and second stage together with phenolph- 
thalein as indicator in both stages, the first-stagetitration is slightly higher than 
the second. Experiment numlx'r eight was titrated with a 0.6628N KOH 
instead of a normal solution as the others. It is seen that the more dilute 
alkali increase's the titration value of the acid about 2* v , due in all probability 
to the solubility and titration value of the resulting silicic acid. 

Properties of the acid, Fluosilicic acid is a non-volatile acid, and as far 
as we know, existing only in water solution. It can Ih' concentrated at room 
temperature to approximately 61%, At this concentration the solution has a 
distinct odor, due to the decomjx)sition jiroducts of the acid. It has a sharp 
stinging taste which in dilute solution is suggestive of alum. The sf)ecific 
gravity of a 60.79% solution at 25® was found to be 1.4634, and the index of 
refraction at the same concentration and temperature i .3465. In dilute water 
solution the acid is quite stable, for it may lx* k(*{>t in glass vessels for a long 
period of time without etching, and the etching that eventually takes place 
is found right above the surface of the liquid. Whereas the acid was formerly 
supplied at a concentration not much above 20^0 it can now Ix' purchased at 
concentrations well above 50%. Some work has Ix'en done to determine the 
value of other indicators and neutral salts upon the two-stage titration of this 
acid; but the investigations are not far enough advanced to warrant a report 
at this time. 

Morgantown, W, Fa, 

September 8 , 1923 . 



THE FORMATION OF PHOSPHORUS PENTACHLORIDE FROM 
PHOSPHORUS TRICHLORIDE AND CHLORINE‘ 

BY H. AUSTIN TAYLOH 

The results of recent work* on gas reactions have led to the conclusion 
that nearly all chemical reactions are catalytic in nature, whether they are 
catalysed by the surface of the containing vessel or by the water present in the 
majority of reaction systems. The earlier ideas of the general stability of 
molecules have to be modified in view of the great influence of polar substances 
on various reactions, and at the same time, the number of gaseous bimolccular 
reactions which are now known to occur in the gas phase without a catalyst 
in any form, is rapidly decreasing. It is of interest therefore to investigate 
some of the more well-known reactions which are at present assumed to be 
straight bimolccular reactions. 

An attempt has been made in this work to show that the formation of 
phosphorus pentachloride from the trichloride and chlorine is actually an 
uncatalysed reaction occurring in the gas phase and in absence of water vapour. 
The known properties of phosphonis trichloride and its general reactivity 
would lead one to expect that it required a verj'^ small amount of activation, 
if at all, and hence would probably react in the gaseous state. 

At the outset the intention was to see if there was any difference between 
the amounts of phosphorus pentachloride which formed on a typical polar 
surface, glass, and on a typical non-polar surface such as paraffin wax, when 
the mixed vapours of phosphorus trichloride and chlorine were passed over 
both for the same length of time. With this end in view, a ves.sel was moulded 
in paraffin wax, Norrish having shown that on coating a glass vessel with wax 
the cracks in the latter offered sufficient glass surface for the reaction to pro- 
ceed to some extent. The vessel consisted of a reaction chamber of approxi- 
mately 100 cubic centimetres capacity, carrjdng at one end two side-tubes 
entering in opposite directions through which the trichloride and chlorine 
vapours respectively could be passed. At the other end of the wax vessel was 
a third tube as outlet for remaining gases. The third tube was sealed to a 
glass reaction chamber by melting the wax tube, so that the gases before 
finally leaving the apparatus pas-sed first over the wax surface and then over 
the glass. 

The phosphorus trichloride was purified by distillation and boiled at 
7S.9°C. Chlorine was prepared by the action of hydrochloric acid on potas- 
sium permanganate, was washed free from any hydrochloric acid by passing 
through two gas washers containing water and dried by two gas wadiers 
containing sulphuric acid and finally over phosphorus pentoxide in a tube 
about 30 cm. in length. The resulting dry chlorine was liquefied in a spiral 


* Contribution from the Laboratory of Physical Chemistry. Princeton University. 
^ Inter alin. Norrish: J. Chem. 80c., 123 , 3006 (1923). 
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gas bubbler immersed in a freezing mixture of solid carbon dioxide and ether. 
The phosphorus trichloride was placed in a similar spiral bubbler, maintained 
at room tempierature and attached directly to one arm of the reaction chamber, 
the other arm being waxed to the chlorine holder. 

In this way the vapours of the two liquids could be mixed in the wax 
vessel by passing dry nitrogen through both bubblers, since the vapour 
pressures of both liquids are quite appreciable under the conditions cited. The 
nitrogen used was drawn from a cylinder of the compressed gas and passed 
successively through a drying tub(‘ of phosphorus pentoxide and a U tube 
containing glass wool, iraraersed in liciuid air, to freeze out remaining traces 
of water vapour. By means of a by-pass (which was later sealed) in the chlor- 
ine bubbler, dry nitrogen, or nitrogen with soiihj phosphorus trichloride va- 
pour, could ho pass(Hl through the whole apparatus, by first solidifying the 
chloriiKi temporarily in liquirl air. Passing dry nitrogiTi in this manner through 
thc‘ whole afiparatus for a period of twenty-four hours whilst repeatedly heat- 
ing the glass portions which were ma<le of [jyrex, the residual water on the 
surfaces could b<' more efficifuitly nmioved. The wax vessel on the other hand 
was subjected to a stream of nitrogen and phosphorus trichloride vapour for 
the same length of tiiiu*. The* small amount of water pn^s^mt may be assumed 
to n‘act with the trichloridf' to give th(‘ solid phosphorus oxychloride POCl 
whi(*h itself possess(‘s an appr(*ciHble vapour t)r(*ssiire at ordinary temperatures 
and would thus volatilise away. It is reasonably c(*rt.ain that, in this way the 
reaction system was dry: more certain is it that (conditions were drier than 
held in the reaction studiinl by Norrish iKctwcHm (*thyl(*ne and bromine, where 
water vapour was assumed abs(*nt. 

Th<c first t(‘st was then made, by li(piefying the chloriia* again in carbon 
dioxid<‘ snow, and passing nitrogen through both liquids as descrilx'd atove. 
Aft(*r a period of an hour and a half when a reasonable* amount of the penta- 
chloride was visible in the glass vessel th(* two reaction chamber.s were de- 
tached and weighed se[mrately. Dry air was then blown through each to 
volatilise the phosphorus jamtachloride and the (uupty ves.^els reweighed. 
The tlifference betweiui the twx) weighings gavt* the amount of ixuitachloride 
in each of the two vessels. It w^as found that, tin* wax vessel contained 3.8 log. 
whilst the glass vessel contained only o.384g. That is, the* reaction had ap- 
parently taken place almost entirely in the wax vessel. The reaction therefore 
apjx*ared to be independent of the containing surface the prestmee of plios- 
phorus pentachloride in the glass vessel being du(* to reaction botwerm some 
molecules which had not reacted in the w^ax vessel, or to condensation in the 
glass vessel from tlie vapour phase. 

That such was actually the case was shown by replacing the wax vessel by 
an almost identical one of glass and repeating the experiment. Connections 
between the two glass reaction chambers was made with paraffin wax, and the 
same drying process observed as previously. It was found finally that aft.er 
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passing the gases for half an hour^ the first glass vessel which replaced the wax 
one used previously contained o,69g. of phosphorus pentachloride whilst only 
o.o3Qg., formed in the second. 

Although no comparison can be made between the amounts of phosphorus 
pentachloride formed in a given time in both the wax and glass vessels owing 
to the difference in rates of nitrogen flow in the two cases, nevertheless the 
second result substantiates the fact that the major part of the reaction occurs 
when the vapours first mix, that is in the first reaction chamber, and since the 
polarity of the surface is apparently negligible the reaction must occur in the 
gaseous phase. 

If this view is correct the reaction ought to be visible owing to the forma- 
tion of phosphorus pentachloride as a cloud. To test this, the tw’o vapours in 
dry nitrogen were made to impinge on one another in a three litre flask. It 
was observed that immediately the gases were admitted to the flask a small 
amount of phosphorus pentachloride formed as a film on the glass and after 
a delay of 20 or 30 seconds the whole flask was suddenly filled with a white* 
cloud which was composed of quite large particles of phosphonm pentachloride 
resembling fine snow flakes, which dropped to the bottom of the flask: the 
continued reaction occurred, still as a cloud, but of a much finer texture and 
thinner, being at times scarcely visible. The w^hole phenomenon resembled 
the precipitation of a supersaturated vapour, since it was further noticed that 
the cloud formation was initiated in the region where the first film of phos- 
phorus pentachloride had formed, and travelled from there in a direction 
opposed to the normal direction of flow of the gases, towards the point at 
which the gases first impinged on one another. The reason for this would 
appear to be, that the supersaturated vajiour of phosphorus pentachloride 
formed where the phosphorus trichloride and chlorine impinged, spread under 
the force of the nitrogen stream towards the phosphorus pentachloride film 
on the flask, where precipitation w’as caused by particles of solid phosphorus 
pentachloride, the precipitation then travelling back throughout the whole 
supersaturated vapour. Succeeding reaction between phosphorus trichloride 
and chlorine would not show such a definite cloud formation as initially, since 
the numerous phosphorus pentachloride particles throughout the flask would 
prohibit the fonnation of further supersaturated vapour, precipitating it as 
formed. 

The rigorous process of drying adopted in the first experiments quoted, 
was not observed with the flask later employed, save that dry nitrogen and 
phosphorus trichloride were blown through it for a short time before the 
chlorine was admitted. Two possible explanations remain to be excluded, 
namely that dust particles, or water act as catalysts in the case of the cloud 
formation. 

The first experiments would exclude the possibility of water vapour acting 
as a catalyst, since phosphorus pentachloride was formed in its absence, 

‘ It was noticed in this second case that phosphorus pentachloride had begun to drop 
from the first chamber into the second, and it seemed advisable to stop the experiment even 
after this short period. 
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whilst the delay before the actual formation of the cloud would assist in the 
removal of traces of water by the phosphorus pentachloride first formed, the 
cloud then fonning in a dry atmosphere. However, on introducing water 
intentionally by passing the chlorine vapours through water before mixing 
with the phosphorus trichloride it was found that the formation of a cloud was 
completely inhibited, the only evidence of reaction being film on the walls 
of the vessel. Nor was it possible to produce the cloud again until the flask 
had been once more dried. Baker^ after re)K»ated failures, succe(Klcd once in 
obtaining a vapour density of phosphorus pentachloride greater than that for 
complete dissociation. This ill success even after vigorous drying indicates 
that water has little influence in the opposed reaction and therefore confirms 
the above conclusion. 

With regard to dust particles, the delay in cloud formation would also 
seem to preclude this possibility. The manner of propagation would also 
indicate the abscuice of effect due to dust particles since we can only assume 
that the dust particles are as likely to be situated in one spot as another. 

The course of the cloud formation as previously ob.served was confirmed 
by passing the gases, both in the same direction down a horizontal glass tube, 
two metres long and sevent}' five millimetres in diameter. A thin film of 
phosphonis [Kuitachloride wa.s first ob.served on the tube fifteen centimetres 
away from the inlet tuln's, spreading slowly down the lower half of the tube 
throughout its whole length. After a period of about a minute a cloud started 
and spread thence in both directions namely back towards the inlet tubes and 
also down the tulx" in the normal <lirection of the gas flow 

It would appear therefore, that the explanation of the cloud formation 
offered above?, nauudy by some pho.sphorus fHmttMdiloride which had already 
condense^l on the glass surface, was true. From this it can only be concluded 
that the reaction between phosphorus trichloride and chlorine to give phos- 
phonis pc?ntachloride i.s a gas reaction at ordinary temjx'ratures occurring in 
the gas phase and unaffected by catalysts. 

The sjXHxt of the reaction under the conditions cited precludes the evalua- 
tion of the rate of combination. It has Ix'en shown that liquid chlorine and 
phosphorus trichloride react violently at 87 — . 

Stimmary 

1. Dry phosphorus trichloride and chlorine vaixiurs in dry nitrogen react 
as completely in a w^ax vessel as in a glass one. 

2. The phosphorus pentachloride formed gives rise to an easily super- 
saturated vapour which is precipitated as a white cloud by some phosphorus 
pentachloride condensed on the containing vessel. 

3. The reaction is a true gaseous reaction being unaffected by surface 
catalysts as also by water. 

In conclusion I desire to thank Professor H. S. Taylor at whose suggestion 
the problem was investigated and for advice and assistance during its progress. 
Princeton ^ N, J, 

* J. Chem. Soc., 77 , 648 (1000). 
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Valence. By G. N, Lewis. ^3X16 cm; pp. 172. New York: The Chemical Catalog 
Comfmny, 1923. Price: $3.00. In the preface the author says that “to attempt to keep 
pace with the rapid development in so many ramifications of science, all of which contribute 
to our knowledge of the atom and molecule, is, especially for one who is at best a slothful 
reader, an impossible task. Nevertheless it is the same atom and the same molecule that 
is being studied by the organic chemist, the inorganic chemist, and the physicist; the mar- 
vellously exact conclusions of the spectroscopist, the far more vague, but equally difficult and 
important generalizations of the student of the carbon compounds, must contribute, each 
in due measure, to our knowledge of that microcosmos, which appears to us the more mys- 
terious as its nature becomes more nearly revealed to us. It was with this thought4 in mind 
that I have devoted several of the earlier chapters to an attempt to bring to the better ac- 
quaintance of chemists some of the astoimding accomplishments of modem physics.’* 

The chapters are entitled: the atomic theory; the periodic law and the chemist’s 
picture of the atom; spectral series and the physicist’s view of the atom; reconciliation of 
the two views — the arrangement of electrons in the atom; the union of atoms—the modern 
dualistic theor>’; the new theory of valence — ^the chemical bond; double and triple bonds; 
exceptions to the rule of eight; valence and coordination number; compounds of elements 
with small kernels; elements of positive and negative states; remnants of the electro- 
chemical theory; the source of chemical affinity — a magnetochemical theory; the dis- 
continuity of physico-chemical processes. 

“It is singular that so many years elapsed after the announcement of Faraday’s law 
l)efore it was realized that this law implies a discontinuity of electricity in the same degree 
that Dalton’s law implied a discontinuous structure of ordinary matter. By the same rea- 
soning electricity occurs in quanta that are ail dike, and capable of combining with atoms 
and groups of atoms only by integral numbers. It was Helmholtz in his celebrated Faraday 
lecture of i88i who first pointed out this deduction of the atom of electricity, or as it is now 
called, the electron. Our knowledge of the atom of negative electricity, the electron, is 
largely due to the brilliant investigations of J. J. Thomson and of those whom he has in- 
spired. The proof that free electricity is negative electricity; the determination of the ratio 
l)etween the charge and the mass of an electron; and the study of the physical and chemical 
effects produced by moving electrons, comprise one of the most fascinating chapters of 
modern science. 

“The study of saline substances was greatly fostered by the electrolytic dissociation 
theory of Arrhenius (1887) which clarified in so remarkable a manner our ideas concerning 
salt solutions. This theory through a generation of criticism has fully justified its essential 
accuracy. We are fully convinced that, in a dilute aqueous solution of sodium chloride, 
this salt is separated into two distinct parts, one of which has a negative charge, equal to the 
charge of an electron, while the other is positively charged in equal amount. Thus we have 
full demonstration of a phenomenon which was assumed in the dualistic theory. 

“Again chemists were tempted to revert to the electrochemical theory as an explana- 
tion of all chemical union, and again they met the difficulty of explaining by such means the 
properties of substances like methane and diatomic hydrogen. There obviously is a wide 
gap between extreme types: on the one hand an extrefhely ‘polar’ substance like sodium 
chloride, in which presumably there is at all times a considerable displacement of electricity 
from the sodium to the chlorine, and which sometimes completely dissociates into sodium 
and chloride ions; on the other hand a relatively non-polar substance like diatomic hydrogen 
which gives no a priori reason for, nor shows any evidence of, such electric displacement. 
Must we conclude that there are two distinct types of chemical union, one a completely 
polar and the other a completely non-polar type, and must we assume that a substance 
which appears to have intermediate properties, and to be slightly polarized electrically, is 
merely a mixture of polar and non- polar molecules? Or can we find some means of ascribing 
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all the most varied types of chemical union to one and the same fundamental cause, differing 
only in the nature and degree of its manifestation? These are questions which wdll occupy 
our attention in later chapters,” p.21. 

”It was Rydtx'tg (1897, 1914) who first compr(‘hended the underlying truth in the 
l)eriodic classification. The profwjrties of an element arc determined by a single ‘independent 
variable^ which is not, however, the atomic w^cight. In the second of his remarkable papers 
in which Rydberg gave the ordinal numb(*r of each element, he was obliged to decide upon 
the exact placing of all the elements of the rare earths, upon the number of elements still 
remaining undiscovered, and upon the exact jiosition of thes<‘ va(‘ancie8 in the perioiiic 
table. In all of these difficult tasks he was completely successful, and his table of ordinal 
numbers is identical with our pr(*Hcnt table of atomic numbers, except that he assumed the 
existence of tw'o elements l)etwt*t n hydrogen and helium. If we reduce all his numbers, 
except the first, by two we obtain the aeeompanying table, which gives the atomic numlters 
that are now adopted,” p. 24. 

“Now Rydberg wa.8 unquestionably wrong in assuming the two atomic numl>er8 
Ix'tween those? of hydrogen and helium. This se'ems to lx* emtiredy demonstrated by the 
relations be?tween the spectrum of hydrogen and the enhanced stKM trum of helium, which we 
shall discuss in the next chapter. More^over, although only a few inemlxrs of the last period 
of the elements are known, the first part of this period does not seem to be analogous to the 
jM'riod of 32 just preceding, but rather shows great resemblance to the jxTiod before that, 
which is one of 18. Thus thorium is more like zirconium than like cerium, while uranium, 
the sixth member of the last period, Iwlongs definitely in the same family as niolylxlenum 
< which is the sixth rnemlM*r of tlu* last |X‘riod of 18) and seems to bear no resemblance to 
iictMlymium (which is the sixth ineinlH‘r of the period of 32). While therefore the facts do 
not substantiate Kydl>erg’.s theory in full, nevertheless we shall see later that his series of 
quadratic numliers plays an important r61o in our presemt theory of economic structurt*,” 
p 27. 

“In his later work Hohr ent ircly abandoned the ring of electrons. He found that even 
t h<‘ phenomena of sjx*ctral lines in the visible and in the X-ray regions could not be interpreted 
m terms of a thwry which regards the electrons as associated with one another in joint 
orbits. He now assigns to each elect ron its st»parate orbit and regards these orbits as situated 
aliout the atomic center in shells. It s<»ems to me that by this step Bohr has removed every 
essential element of conflict lxtwc<»n the views of the phy.sicist anti the chemist. If we 
regard as the important thing the orbit as a whole, and not the |K)sitiori of the electron within 
the orbit, and if each electron is assigned an indetxmdent orbit, then we may think of each 
electron orbit as having a fixed jxisition in space. The average position of the electron in 
the orbit may be called the position of the electron and will correspond entirely to that fixed 
|)osition which was assigned in the theory of the static atom. 

“Let us therefore now attempt to weld these different views into a single theory of 
atomic structure which, while it certainly can claim no degree of finality, will summarise 
all of the evidence, chemical and physii’al, which we now possess rc^garding atomic structure, 

“1. First we shall adopt the whole of Bohr’s theory in so far as it jxTtains to a single 
atom which possesses a single electron. There are no facts of (‘hernistry which are opposed 
to this part of the ih«*or>% and w^e thus imwporate in the new* model all of the Bohr theory' 
t hat is strictly quantitative. 

“2. In the case of sysU'ms containing more than one nucleus or more than one elec- 
tron, we shall also assume that the electmn possesses orbital motion, for such motion seems 
to be required to account for the phenomenon of magnetism; and each electron in its orbital 
motion may be regarded as the equivalent of an elementary magnet or magneton. However, 
in the case of these complex atoms and molecules we shall not assume that an atomic nucleus 
is necessarily the center or focus of the orbits. 

“3. These orbits occupy fixed positions with respect to one another and to the nuclei. 
When we apeak of the position of an electron, we shall refer to the position of the orbit as a 
whole rather than to the position of the electron with the orbit. With this interpretation, 
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we may state that the change of an electron from one position to another is always accom- 
panied by a finite change of energy. When the positions are such that no change in position 
of the several parts of the atom or molecule will set free energy, we may say that the system 
is in the most stable state. 

^^4, In a process, which consists merely in the fall of an electron from one position 
to another more stable position, monochromatic radiant energy is emitted, and the frequency 
of this radiation multiplied by the Planck constant, is equal to the difference in the energy 
of the system between two states. 

^^5. The electrons of an atom are arranged about the nucleus in concentric shells. 
The electrons of the outermost shell arc spoken of as valence electrons. The valence shell of 
a free (uncombined) atom never contains more than eight electrons. The remainder of the 
atom, which includes the nucleus and the inner shells, is called the kernel. In the case of the 
noble gases it is custoraarj' to consider that there is no valence shell and that the whole atom 
is the kernel. 

In my paper on “The Atom and the Molecule” I laid much stress upon the 
phenomenon of the pairing of electrons. I have since become convinced that this phenome- 
non is of even greater significance than 1 then supposed, and that it Of‘curs not only in the 
valence shell but also within the kernel, and even in the interior of the nucleus itself. It has 
not seemed desirable to discuss in this book the extremely interesting modern ideas concern- 
ing the structure of the atomic nucleus, but if we adopt the old hyfiothesis of Prout it is 
possible from the atomic w'eight and the atomic number alone to determine the number of 
hydrogen nuclei and the number of electrons which comf^ose the nucleus of a given atom. It 
is a striking fact that with very few exceptions the number of nuclear electrons so calculated 
is an even number. It is furthermore to be noted that whenever a radioactive atom emits 
one beta-particle it almost immediately emits another, again illustrating the instability of 
an unpaired electron within the nucleus. So also we find that in all the more stable states 
which atoms assume, the electrons occur in even numbers in the several inner shells. Later 
we shall show that the valence electrons almost invariably follow the same rule. The sim- 
plest explanation of these facts appears to lie in the assumption of a physical pairing of 
the electrons. There is nothing in the known laws of electric force, nor is there anything in 
the quantum theory of atomic structure, as far as it has yet been develo|)ed, to account for 
such pairing. However we have seen that an electron within the atom must l>e regarded as 
a magnet and two such magnets, would tend to be drawn together. While the classical 
theory of magnetism would hardly suffice to account fully for this phenomenon of pairing, 
there can be no question that the coupling of electrons is intimately connect.ed with the 
magnetic properties of the electron orbits, and the explanation of this phenomenon must he 
regarded as one of the most important outstanding problems in quantum theory. 

“7. Wc may next (ionsider a very recent idea advanced by Bohr (1921), which is not 
based so much upon deductions from his atomic model as upon a direct consideration of the 
experimental data on spectral scries. He avssumes essentially that the first shell is associated 
with a single energy level, and that this levidcanaccommodateonepairof electrons, that the 
second shell contains Iavo energy levels, each of which is capable of holding two pairs of 
electrons, making a maximum of eight ch‘ctron8 in the second shell. The third shell has 
three energy levels, each of whii'h can hold three pairs of electrons, so that the nriAxiinMfP 
number of electrons in the third shell is eighteen. The fourth shell comprises four levels, 
each capable of holding four electron pairs, making a total of thirty-two electrons, and so on. 
We shall see the great utility of this conception as we now proceed to consider the arrange- 
ment of electrons in the various elements,” p. 56. 

“Many years ago I was led to the conclusion that when we Sfjcak of an elenumt of 
variable valence we are including two very difft^rent types of phenomena, and that such a 
change as the oxidation of hydrogen sulfide to sulfurous or sulfuric acid is a very different 
kind of change from the one which occurs when a ferrous salt is converted into a ferric, or a 
titanous salt into a titantie. There are numerous reasoas for suspecting a fundamental 
difference between these two types of oxidation. For example, in the first type oxidation 
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and reduotion usually occur by steps of two, while the second typo more often involves a 
change of but one stop. Su!)8tances which undergo the second type of change are usually 
colored, while tliose involved in the first type* of change are usually colorless. The distinction 
between the two type's was expressed in my paper of 1916 by referring to the atoms which 
undergo the second type of valence-change as atoms of variable kernel. 

‘*The propt*rties of the various elements which come ))efor(‘ titanium are in accord 
with the assumption that the electrons which are a part of the k<*rn('l do not take part in 
chemical reactions, but as we now procee<i to elements of higher atomic number we shall see 
that this simple rule is by no means universally valid,'’ p.6o. 

“The great success of structural organic ch<*mistry led to attempts to treat inorganic 
cornpoundK in a similar manner, not always happily. I still have poignant remembrance of 
the distress which 1 and many others suffered some thirty years ago in a class in elementary 
chemistry, whore we wore obliged to memorize structural formulae of a great nuirilier of 
inorganic eomfMiunds. Even such sub.stan<*es as the ferneyanides and ferroeyamdes were 
forcc'd into the system, and bonds were drawn In'tween the .several atoms to comply with 
certain artificial rules, regardl(*sH of all chemical evidence. Such formulae are now believed 
to be almost, if not entirely, devoid of seieiitifie significance. 

“Su<‘h abuse of the .structural formula inevitably led to a reaction which found it.s 
best expression in the publieutioii of Werner. His '^Neuerc Ansihauungen auf dent Gebiete 
der nnorgariiHchen Ghemie*' { 1905) mark<*d a new epoch in chemistry; and 111 attempting to 
clarify the fundamental ideas of valence, there is no work to which 1 feel so much personal 
ind<d)tedne8s as to this of Werner's. While some of his theoretical coindusions have not 
proved convincing, he marshalled in a masterly manner a great array of faet.s which showed 
the incongruities into which chemist .s had bwm led bv the existing structural formulae of 
inorganic chemistry,” p 67. 

“It is customary in wtirks on uiorgaiiH* cht*nustrv to i*all ferric iron trivalent and fer- 
rous iron bivalent. Now this phra#MM>logy i.s not only out of harmony with that of organic 
chemistry, but it is essc'iitially bad in that it gives a nurnlwr without a sign. Thus nitrogen 
would be said to be trivalent lK>th in ammonia and in nitrous aeid. In all (*iises where the 
ixilar number is to be indi(!ated 1 pro|K)s<* a slightly different m<Kie of expri'.s.sion. us 
say (hat nitrogen in ammonia is triuegatirCf and that it is tri}}osi(uc in nitrous aeid So also 
let us say that iron is triiwsilive in ferric salts and bijH>sitive in ferrous salts,” p 70 

”We have already noted the preponderating tendene\ of every atom towanl an ar- 
rangement of electrons w'ith eight in the outermost shell. This arrangement of outer elec- 
trons, which Parson and 1 called the “group of eight”, and which havS since been tersely 
expressed by Ixingnniir as the “octet”, is attained when atoms los(* or gain electrons to form 
ions. 

“So when ealeium and <*hlorine unite, the ealeiurn atom by giving off two electrons, 
and each chlorine atom by acciuiring one electron, assume the ionic state in which each atom 
has the group of eight in its outermost shell. However, wc liave seen tliat the assumption of 
such ionizations as a nee«*8sary aeeompaniinent to all chemical combinations, even if it is 
assumed to he only ‘^intramolecular** ionization, leads to conclusions which are not recon- 
cilable with the facts of chemistry. 

“The new theory, which inrludes the jtosnbility of comiiikie ionization as a special case^ 
may Ik» given definite expression as follows: Two atoms may ('onforiu to the rule of eight, 
or the octet rule, not only by the transfer of electrons from one atom to another, but also by 
sharing one or more pairs of electrons. These electrons w'hieh are held in common by two 
atoms may I>e considered to belong to the outer shells of Iwth atoms. 

“The discovery that those electrons which are held jointly by two atoms alw’ays occur 
in pairs led to the realization that the “rule of two” is even more fundamental than the “rule 
of eight”. We see at the beginning of the periodic table that helium with its pair of electrons 
has the same qualities of stability that characterize the remaining rare gases which possess 
outer octets. Hydrogen may form hydrogen ion with no electrons, it may form hydride ion 
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by adding one electron and thus completing the stable pair, or finally two hydrogen atoms 
may unite to form the hydrogen molecule, in which each atom shares with the other this 
stable pair of electrons. 

called particular attention to the remarkable fact that when we count up the elec- 
trons which are comprised in the valence shells of various types of molecules, we find that 
of some hundred thousand known substances all but a handful contain an even number of 
such electrons. It is therefore an almost universal rule that the number of valence electrons 
in a molecule is a multiple of two. 

^‘Certain metallic vapors which are produced at high temjieratures are exceptions 
this rule. Other exceptions which are found at high temperatures are the monatomic form® 
of hydrogen and the halogens, >vhile at ordinary temperatures we have nitric oxide, nitrogen 
dioxide and chlorine dioxide, with ii, 17, and 19 valence electrons/’ p. 79. 

The author’s attitude toward Langmuir is worth noting, p. 87. ‘^In my original 
paper 1 contented myself with a brief description of the main results of the theor>% intending 
at a lat;er time to present in a more detailed manner the various fm?t8 of chemistry which 
made necessary these radical departures from the older valence theory. This plan, however, 
was interrupted by the exigencies of war, and in the meantime the task performed, with far 
greater success than I could have achieved, by Dr. Irving Langmuir in a brilliant aeries of 
some twelve articles, and in a large number of lectures given in this country and abroad. 
It is largely through these papers and addresses that the theoiy^ has received the wide atten- 
tion of scientists. 

‘It has been a cause of much satisfaction to me to find that in the course of this series 
of applications of the new' theory, conducted with the greatest acumen, Dr. I^angmuir has 
not been obliged to change the theory that I advanced. Here and there he has been tempted 
to regard certain rules or tendencies as more universal in their scope than I considered them 
in my paper, or than I now consider them, Vmt these questions we shall have a later opportun- 
ity to discuss. The theory has been designated in some quarters as the Lewus-Langmuir 
theory, which would imply some sort of collaboration. As a matter of fact Dr. Langmuir’s 
w'ork has been entirely independent, and such additions as he has made to what was stated 
or implied in my paper should be credited to him alone.” 

“It seems to me that the most important addition to my theory of valence lies in the 
suggestion of what has become known as the hydrogen bond. The idea was first suggested 
by Dr. M. L. Huggins, and was also advanced by Latimer and Rodebush, who showed the 
great value of the idea in their pajxjr to which reference has already been made. 

“This suggestion is that an atom of hydrogen may at times lx* attached to tw'o elec- 
tron pairs of two different atoms, thus acting as a loom* Ixmd l)etw'een these atoms. Thus 

it is assumed that two molecules of water may unite as follow’s: H : O : H : O : The atom of 

H H 

hydrogen attached to the two o.xygen atoms represents the new' type^ of Ixynd. This theory 
of the hydrogen bone! offers an immediate explanation of a large numl)er of complexes in- 
volving wat/er, ammonia and other such compounds, w^hich have hitherto l)een inexplicable 
by any kind of structural formula,” p.ioq. 

“In liquids, especially of the ‘sticky* kind, and in glasses, the simple molecules which 
exist in the gaseous state presumably become attached to one another and often form chains 
or groups in which the individuality of the simple molecule is partly or wholly lost. Such 
groups or continuing molecules, probably have an extent w'hich is determined by adventiti- 
ous circumstances. On the other hand in crystalline substances these continuing molecules 
may be conceived as coterminous with the complete crystal, and characterized by a well- 
ordered arrangement, except where the crystal is distorted or broken,” p. 1 16. 

“Attempts to apply quantum theory to chemical reactions have been largely limited 
to a study of reactions produced by light and of the light set free by chemical reactions. It 
has long been known that numerous photochemical reactions which occur in the presence of 
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blue or violet light occur to a far more limited extent or not at all in red light. So also reac- 
tions which are not produced by visible light take place upon exposure to ultraviolet radia- 
tion. 

one or more of the reacting molecules must receive a certain quantity of energy 
before it (ran react, then we should expe(d from quantum theory that no exposure to radia- 
tion, no matter how protracted, would cause the reaction to occur, unless the frequency of 
the radiation were high enough to make /o' as large as the energy requin^d by the reacting 
molecule. It is true no case is known of a typical photochemical reaction which occurs 
rapidly w'ith light of a given frequency and which does not occur at all with light of a little 
lower frequency. Nor perhaps is this ordinarily to lie expected, since different molecules, 
owing to thermal agitation, would require somewhat different amounts of energy to reach a 
condition in wdiich they w’ould react. 

^^Tlic intcnjsting idea has be(*n suggested by W. ('. Mc(l Ij(‘\vis <1916) and by Perrin 
(1919) that all chemical reactions are photochemical in character. They assume that a 
molecule does not react until it becomes activated by radiant en«*rgy of a (‘crtain minimum 
frequency. This light may come* from outside the system, as in the typical photochcmicral 
process, or it may exist in the interior of the reacting system as thermal radiation. The 
relative content of high frequency radiation, in general thermal radiation, increases very 
rapidly with the temp(Tature, and it has Iw^en shown by Ix‘was that his as.suniptiou leads 
<|uantitatively to an equation w'hich agrees w^ith the equation that Arrhenius obtained for 
the change in reaction velocity with the temperature. 

‘'The assumption that every simple chemical reaction is accompanied by the absorp- 
tion of light of one frequency and the emission of light of another frequency enabled Perrin 
to give a beautiful (‘Xplanation of the phenomena of photo- and thermo-luminescence. 
Nevertheless in spite of the gn'at value of this w^ork in pointing out the influence of radiation 
in chemical phenomena, we caunot adopt the main contention that reactions are due solely 
to the influence of light and not at all to the molecular l>ombardment due to thermal motion. 

“This is |X'rhai>8 sufficienlly shown by a (*onsideration of those simple phenomena 
which w^e may regard as the prototypt's of all chemical processes, namely, the resonance and 
ionization of gases. These phenomena are known to be caused either by radiation or by 
moving electrons, or by alpha partick^s, and they presumably can be (*aused by any other 
kind of molecular bombardment.” p. 157. 

“The older theory furnished an extremely happy explanation of the origin of (‘olor 
and its relation to the chemical properties of subatani'cs. as I attempted to show’ in ni) paper 
on the “Atom and the Molecule.” According to that viewr, an electron in a position of con- 
straint possess^^s, likeany other clastic system, a natural period of vibration — this frequency 
being proportional to th(’ magnitude of the constraint. Light which has this same jieriod of 
vibration is capable of imparting energy to the electron resonator, and thus the electron 
absorbs light in that part of the sjx'ctrum which corresjwnds to its own natural frequency. 
In the majority of substances the electrons are held so tightly that their natural frequency 
falls in the ultraviolet region, and these are therefore capable of absorbing visible light. In 
other words, they are colorless. But under conditions w'hich loosen the constraints within 
the molecule the frequency of the electrons is loweretl until it corresponds to a visible fre 
quency. The substance thus absorbing some part of the visible sjioctrurn, and letting 
through other parts, is said to be colored. 

“Since those rliangi^ in the condition of a molecule, such as the substitution of one 
radical for another, which are known from chemical evidence to loosen the structure of the 
molecule, and to render it more unsaturated and more active, prove to be the same kind of 
changes that convert a colorless into a colored substiuuT, or which convert a substance with 
absorption in the violet into a substance with absorption in the red, this explanation of color 
seemed to be eminently satisfactory. Nevertheless the idea of a vibrating electron seems to 
be one which is not only alien to, but essentially incompatible with, the spirit of quantum 
theory. 
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‘‘Fortunately the new theory of the discontinuity of chemiical states furnishes a very 
similar and equally satisfactory explanation of color. When a molecule is in a state such 
that it may be changed to another state by a quantity of energy which, when divided by the 
Planck constant /f, gives a number corresponding to the frequency of visible light, the sub- 
stance is colored. Any process by which a colorless substance is converted into a colored 
substance may be regarded as one in which the molecule may be changed from one energy 
state to another state of only slightly diflerent energy. In other words, w^ith a new interpre- 
tation of our terms, we may still say that a colorless substance is converted into a colored 
substance by a loosening of the electronic structure,^* p. i6o. 

“Since we have l>een obliged here and there to take cognisance of the entering wedge 
of scientific bolshevism, which we call quantum theory, or the theory of discontinuity in 
nature, I cannot refrain from attempting to forecast some of the logical consequences which 
must follow from the new facts that have been discovered and the interpretation which they 
have Ijeen given. Such a forecast must of necessity be of the crudest sort, and can hardly 
do more than indicate the magnitude of the revolution in scientific thought which probably 
must occur l^efore physical science can once more be a homogeneous whole, free from the 
most glaring inconsistencies and contradictions 

“The recognition that electric and magnetic fields are cascmtially discontinuous leads 
us to suspect that there is no such thing as a continuous field of force; that a gradual accel- 
eration accompanied by a gradual increase in kinetic energy is .something which does not 
exist in nature. Rather we should consider that every system passes by steps, w^hi<»h may W 
small but are nevertheless finite, from one energy state to another. 

“Finally we might even suspect that space and time could better be treated as dis- 
continuous than avS continuous, and represented by a counting method rather than bv th<‘ 
methods of a continuous geometry. We might still call such a mathematical represt‘ntation 
of space a geometry, but it would be of a very different sort from any existing geometry, 
whether Euclidean or non-Euclidean, metrical or non-metrical. Its elements would 1 m‘ 
nothing but points and groups of points, and a distance would always bc» an int<*gnil numlH»r. 
With relation to some one ^xiint, other points would be classified according to wht‘th<‘r they 
were separated from it by one step or two steps or ri steps; and we might have a certain 
number of points in the class removed by one step, another number in the class removed by 
two steps, and so on. 

“I hoped at one time to be able to find such a network geometry which, when the 
mesh w^as made exceedingly fine*, would approximate to the proi)erties of Euclidean geome- 
try, but I am now c'onvinced that such an attempt is hoix^less. On the other hand, if wc‘ 
should consider a single atom, we might be able to state that this atom by itsedf determines 
a space which has just such properties of a network, w'hich w'e might represent by i central 
point, 4 points of the class once removed, 9 yioints twic*e removed, 16 points in the third 
group, and 25 in the fourth. If now we should adroit a pair of electrons at each of these 
points we should have (ignoring the sub-groups of Bohr) a representation of the shells alxmt 
an atom containing respectively 2, 8, 18, 32 and 50, electrons. We should also find (once 
more ignoring the sub-grou|>s) that in such a geometry the distance Ixjtweon two successive 
points wrould be quite without meaning, if we could (‘onsider but one atomic system. 

“If, in some such way as I have crudely described, we could define the space of a 
single atom, then general space might be regarded as the composite of all the spaces of all 
the atoms, and in this space we could employ the ideas of extension, of distance, and the 
like, which are used in Euclidean geometry; with the same sort of approximate validity 
that we apply the principles of hydrodynamics to a system containing a large numl>er of 
molecules, or the principles of electromagnetics to a field g(‘nerated by many elementary 
charges,'^ p. 163. 

Wilder IX Bancroft 

A Comprehensive Treatise on Inorganic and Theoretical Chemistry. Vol, I V. By 
J. W. Mellor. tSdXlS cm; pp. 1074- York and Lojidmi: IjongmanSf Green and 

Co,j 1923. Price: $20.00. The forth volume of this remarkable w^ork is now out, and deals 
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with the radium and actinium families and with b(;rylhum, tnagnesiutn, zinc, cadmium, and 
mercury. As a preliminary to chapters on radium and radioact ivit y and on the architecture 
of the atom, there is a chapter on the structure of matter. On p. 2 we r<‘ad that “the atom 
of an element can he defined as a substance whose parts are hidd topether by a force superior 
to any which has yet been brought to bear upon it.” On p. 4 the cpiestion is raised why 
closely related elements are sw) often associated in nature. “C'hemists have long been struck 
with the peculiar way certain elements occur in tlie half-mile crust of th<‘ earth. Although 
no disturbing agent has been recognized at work in nature whendiy the different kinds of 
elements arti sorted like to like, y(‘t certain groups of el(‘ment8 nearly always oi'cur in juxta- 
position. Thm‘ individual elements an* not jilentifiilly distributed, and they are not easy 
Xo .s«»parate from one another /w/rch cum jnirihus fnrilhmc cougregautur. For exainpli*, 
cobalt is p<Thai>s never quit<* free from nicktd, and nec vernn', silver is almost invariably 
associated W'ith lea<l ores and with gold; ea<imium with zinc ores: selenium with the sul- 
phur of pyrites; tin* memlM'r.*-* of the two groups of the platinum elements; tht* rare earths; 
etc These associations and co-rnixing.H cannot l»e entirely diK* to chaiict*, for tht st* (dcrnc'nts 
are neither plentifully distribute<l nor have thev any marked chemical affinity for one an- 
other, Conse<pientl\ , it ha.s been suggested that the elements in (piestion we re formed from 
some common material under almost identical conditions, and when* slight variations in the 
conditions led to the almost simultaneous formation of closedy related elements Knviroii- 
inent has determined the path of the evolution of the elements.” 

In 1849 “Foucault suggested the hyjwithesj.s that the in(*andescent ga*^es in the ar»‘ 
light have the jM)W**r of absorbing the yellow from sunlight as well as of enult ng yellow 
light The increast* in the darkness of t hesi* lines jw h<‘n a ray <if sunlight is dinrted by means 
of lensi's on to the glowing ga.ses betw'cen the jKiles fif an arc light w'hich alone gave a sp<M*- 
trurn with tw^o yellow' liru's vers* prorninentl is <iue to the absorbing i)ow'(‘r laung greater than 
the emissive ptiwer, Foucault f{H*us.Hed the light from an incandescent (‘urbon — whnh by 
itself gives a continuous siK^ctrum on to the iii<*aiidesi*ent gasc^s between the carbon fxdcs. 
Instead of getting tlie continuous sjKH'truin of the inearulescent carbon with yellow’ lines 
enhanc(*d by the si^ectruin of the gas<*s lM‘tween the <*arbon poles, Foucault obtained a 
triim with the dark lines in the yellow fKirtioii This exjM^riment .supjKWted his hypothesis 
that the same kind of light, which a gas gives out w hen heated, w ill Iw arrested if the attempt 
U* made to pass the light through tin* gas Had Foucault known that tlu* yellow liru’s were 
due to sodium, he would have recognized the origin of the Fraunhofer lines. This interpre- 
tation w^as made by Stokes, 1H52. In 1859, Kirehhoff definitely .settled the question,” p 5 

“Although the 8i>eetruin of each element i.s eharacten.slic of that element and of no 
other, yet the «}x*ctruin of each of the five alkali metals can be resolved into four homologous 
series, siK'h that ever>' line in one sjHxqrum is represented by a corres|Kmding line in all tin* 
other spfxdra; and generall> the s|HH’tra of related elements form natural or homologous 
groups. The eorresiHinding lines do not ne<essarily all occur in the visible sj>eetra, »• g the 
dark red line of (he rubidium sjx*ctrum eorn»s}>onds with a line in the ultra-red in the other 
six^etm; and the yellow lines of the sodium »jK*ctrum are homologous w ith hm s in the ultra- 
vi(»let 8f>eetra of the other elements. The sja'ctra of related elements .s(*em to l)e subject to a 
law’ of homology which is clo8<»ly <*onnecttMi with their atomic w<»iglit. Each senes of homo- 
logous lines ap(>ear8 to contract in passing from one element to another so that, as the 
atomic weight incTeases, the lines at the red end of the 8|M‘ctrum aptwar to optm further 
apart, and at the violet end <0 draw closer together,” i>. 13. 

“In the hotU»r stars little more than hydrogtui can be detectc'd, then follow hot stars 
with calcium, magnesium, and a few other elements super-added; then come cooler stars 
with more complex s|)ec(ra corr<*sponding with a greater variety of elements. 1 he planets, 
of which our own is a tyjio, are among the cooler ones. If the different suns and stars lie 
arranged in a scries, the order of the appearance of the elements in the t'ooling stars is ap- 
proximately the order of their increasing eoraplexity as (hHlin*ed from the magnitude of 
their atomic weights,” p. 20. 
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Under electric discharges in attenuat>ed gases, p. 25, we read that ^'the negative glow 
with hydrogen is bluish-white and it shows two spectra and Balmer^s series; with nitrogen 
the colour is violet blue, and it shows band and line spectra; with helium the colour is green 
and with argon blue, while both show line spectra; with neon the colour is red; with oxygen 
the colour is greyish or yellowish-white, and there is a band spectrum; with carbon monox*- 
ide the colour is greyish-white, and there is a band spectrum; with carbon dioxide the colour 
is sky-blue; with chlorine the colour is green, yellowish-green with bromine, and oragne- 
yellow with iodine, bromine and iodine give a band spectrum. With sodium the color is 
yellow and it gives the D-line; with potassium the colour is pale blue, with rubidium blue, 
and with caesium greenish or greyish-white, and all give line spectra; with the vapours of 
cadmium and zinc the jrlow is red and there are line spectra; and with merniry vapour the 
colour is green or white and it gives a line spectrum.'’ 

On p. 43 under the photo-electric effect there is an interesting quotation from Milli- 
kan. ^The physical theory, of which Einstein’s equation vras designed to l>e the symbolic 
expression, is so untenable that Einstein himscdf no longer holds to it, and we arc in the jiosi- 
tion of having built a very perfect structure, and then knocked out entirely the underpinning 
without causing the building to fall. It stands complete and apparently well tested, but 
without any visible means of support. These supports must obviously exist, and the most 
fascinating problem of modern physics is to find them The atomic and electronic 

worlds have revealed themselves with definiteness and wonderful distinctness, but their 
relation to the world of aether waves is still a profound mystery.” 

Under positive rays, p. 51, we read that *‘the photographic plate registers the rays 
within a millionth of a second after their formation, so that if a chemical reaction were 
taking place in the tul)e, it is possible that the method would disclose the existence of tran- 
sient intermediate compounds as well as the final products of the reaction. For example, 
with methane, CH4, five lines occur corresponding with particles having the composition, 
C, CH, CHj, CHa, and CH4. Phosgene, COClj, furnishes lines corresponding with particles 
having masses 99, 28, and 35.5, hence the decomposition proceeds by a separation of chlorine 
atoms from carbon monoxide without rupture of the carbon and oxygen atoms. Xo signs 
of a molecule NOa were observed during the oxidation of nitric oxide, XO, by oxygen.” 

”It is easy to understand how the belief that the base metals could l>e converted into 
gold dominated ancient and mediaeval chemistry. Facts were cited in its favour. The pro- 
duction of beads of silver and gold by the cupellation of metallic lead, and the reduction of 
metallic ores furnished direct evidence of the metamorphosis of the metals. Again, iron 
utensils in copper mines became coated with red copper when left in contact with the “mine 
water”, so that the iron was seemingly transmuted into copper; similarly, the formation of 
white and yellow alloys by mixing copper and certain earths, seemed with the then imperfect 
knowledge, ample proof of transmutation. The dogma of transmutation thus appeared 
eminently plausible; it ran counter to no known laws of nature; it rested upon no extrava- 
gant assumptions; and it was sanctioned by the highest authorities. ’The immense labour 
w’hich must have been expended in the fruitless pursuit of this chemical chimera by the 
alchemists is appalling. The quest was virtually abandoned with the advent of liavoisier’s 
balance,” p. 148. 

“The facts previously indicated show that not far from 2,000,000,000 cals, of heat 
are evolved during the degradation of one gram of radium. This is a quarter of a million 
times greater than is evolved by the combustion of a similar weight of coal. Hene^ it is 
inferred, from the atomic disintegration hypothesis of radioactivity, that the atoms of the 
radioactive elements, and probably also of other elements, have tremendous stores of poten- 
tial energy, fan greater than is developed during ordinary chemical reactions. The rate of 
degradation of the energy of the radioactive elements is comparatively slow, and is not avail- 
able for doing useful w'ork. The rate of evolution cannot Iw influenced by any known con- 
ditions and consequently the transmutation of the elements involves the disc^overy of 
methods of controlling the^ tremendous supplies of energy. Just as the application of a 
large quantity of electrical energy concentrated at the ends of a pair of platinum wires 



NEW BOOK8 


523 


enabled Davy to decomposw* the alkali metals, so Ostwald, Ramsay, and others infer; if 
e»«r me stable element is transmtUed into another element^ n large quantity of energy inahighly 
concentraied condition mil be required. This is quite in harmony with the alleged dissociation 
of the elements in the hotter stars {q.v.)^ w'here but a few elements are i>resent, and where 
the temperature has been estimated at 25,000°. The 3000°-4000° obtained in some electrical 
furnaces appear but puny in comparison wdth the tremendous natural powers present in the 
hotter stars. There is some evidence that the swifter a-rays can furnish the necessary 
energy for atomic disruption. 

'Tt has Wen ix>inted out that the formation of, say, gold from a metal atomically 
lighter, say tin, would require the expenditure of so much energy that even if the transforma- 
tion were accomplished, it could not be a successful commercial process for the production 
of gold. On the other hand, the formation of gold from an atomically heavier metal, say 
lead, would lilierate such an enormous amount of energy that the gold would be but an 
insignificant by-product, for the energy liberated during the process w^ould have an enor- 
mously greater value than the metal A. Schack discussed the thenno-dynamics of atomic 
energy,’' p. 150. 

‘‘From the early writings it is evident that at least three minerals of a totally different 
nature were called magnesia— (i) nuignestus lapis, which is now represented by magnetite, 
was magnetic; (2) magnesia nigra, which is now represented by pyrolusite; and (3) a silver- 
white mineral, whicli could W conveniently fashioned in a lathe, or easily shaped and carved 
with hand tends, and wdiich is probably now' rcprc‘st»ntcd by steatite, ’* p 249, 

“.According to Willstktter, magnesium is an integral part of <‘hlorophyll; and Kacher 
considcH'd it to be an indisfx^nsable constituent of plants, saccharornyces. etc; the ashes of 
plants usually contain more calcium than magDestum, although the reverse is true for seeds 
It is not know n how the magnesium is distributed in the organs <»f plants, but it occurs inthe 
cambium sap of pines as oxalate. KayscT found that the amount of rnagnc'sium in w'lne is 
proiKirtional to the pho.sphoric acid, ami that the smallest amount -o.(X)i iierctmt MgO — 
was found in Pfftlxer wane, and the greatest amount -0.040 percent Mgf> -in Malaga wine 
Magnesium comixiunds occur in the skeleton, blmxl, and milk of animals. F. VV. Clarke 
and W. C. Wheeler found it very exceptional for the inorganic parts of sea-organ i.sms to be 
non-magnesian,” p 252. 

“Magnesium is usi^d for making illuminating powders for Hash-light photography ; 
and for star-shells for illumination in warfare; it is used as a deoxidiser in making bronzes, 
nickel-silver, and other alloys, it is um»d in conjunction wdth aluminum for making light 
alloys — e,g. magnalium; and it is uschI in debvdrating oils - r.g. aniline oil — etc. The com- 
l>ounds of rnfignt»sium are used iixHbcinally ; in making cement. and magnesia is employed 
for making the so-called magnesite bricks for lining basic- furnace.^, and electric steel 
furnaces/’ p. 265. 

“H. T. Barnes and G. W. Scherer showed that with magnesium and aluminum elec- 
trodes in (H>ntact with W'ater containing dissolvcKi air the electromoiive for(*e rises slowly to 
alK>ut one volt, although the metals arc c'lose together in the electrochemical senes; this is 
due to the formation of hydrogen peroxide by the action on aluminum of water containing 
dissolved air. When free hydrogen peroxide is added to the uhimimmi compartment, the 
electromotive forces rises to about two volts and then falls gradually ns the hydrogen per- 
oxide is decomposed,” p. 267, 

Although dolomite occurs in cubic mib^ in the Dolomite* Alps, the chemist has never 
succeeded in making doloniite under conditions at all comparable to tbosi* which occur in 
nature, p, 372. This is a very interesting problem and it is quite jxissible, as Mellor suggest s, 
that we have not taken the pressure factor sufficiently into account, 

“The term brass is mentioned several times by the biblical writers* -nearly 4cxx) 
years B.C., for instance, we are told in Gimesis, that l\ihalca!n was a worker in brass and 
iron; and the brass or bronze looking glasses of women are mentioned in Exodus. There 
are also frequent references to brass or bronze in the eaHy writings of Homer, about locxy 
B.C., and of Hesiod, about 700 B.C. So far as we can gather, the early wTiters confused 
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copper, brass, and bronze because the same term was* employed for any or all these metals. 
The word rendered brass should be translated bronze. It is known that it was customary in 
very early times for women to wear a bronze mirror as an article of dress; Klaproth has 
analyzed one such, and found: copper, 62; tin, 32; and lead, 6 per cent . . . . 

'Tt is probable that the alloy known as onchalcum or brass, tombac, pinchbeck, etc., 
was first discovered by smelting cupriferous zinc ores which yielded not copper but brass. 
Mines that contained ores, from which the gold-coloured metal was produced, were held in 
the highest esteem, and the early brasses seem to have been obtained by the smelting of such 
ores from mines in Laurium (near Athens), Sardinia, and Cyprus. In course of time, it was 
observed, possibly by accident, that an earth, which was probably calamine, when added to 
molten copper gave it a yellow colour; and this as a method of preparation was found to be 
more convenient than procuring the brass from zinciferous copper ores. This is the method 
to which the pseudo-Aristotle above refers. According to E. von Bibra, the Greeks were not 
acquainted with the manufacture of brass, but that alloy was made about the time of 
Augustus, near the beginning of the Christian era, by heating copper with certain earths — 
presumably containing zinc, e.g. calamine, galmei, or tutty — mixed with carlwn. Brass 
was thus known to the Romans; and about the eleventh century, the process of manufacture 
was described by the monk Theophilus. As the zinc was reduced, it alloyed with the copper 
by cementation, forming the golden-yellow colour chara<‘teristic of a low-zinc brass. It is 
remarkable that the same word cadmia should have l>een employed for both the zinciferous 
ore and the flue-dust - an impure zinc oxide found in furnaces smelting zinciferous ores. 
According to J. Beckmann, the term lutia, employed by Avicenna in the eleventh century, 
seems to have been used in a similar manner. A work attributed to Zosimus of Panopolia 
stated that brass is made by meUing Cyprian copper with iuHa. In spite of this, the furnace- 
calamine, which collected about the furnaces at Rammelsberg, wns rejected as useless until 
the middle of the sixteenth centur\% when E. Ebener, about 1548, discovered that it could be 
employed in making bra.ss . 

^‘According to Cicero, who wrote near the beginning of our era, Roman coins made 
from orichalcum were indistinguishable from gold, and he raised the ethical question whether 
an honest man should acquaint a person irho was really selling aurum but thought he was 
selling frrichalcum, or should he buy for a penny what was worth a thousand tiroes as much? 
The only metal which the Romans could have so mistaken for gold is the alloy of copper and 
zinc now called brass”, p. 398. Since bargaining in the days of the Romans was carried on 
under the motto '^Caveat ernptor/* Cicero’s quef!tion indicated a distinct ethical advance. 

'If the vapor of zinc be too much diluteti with other gases, it can condense only to 
zinc fume and not into fluid metal. The greater the pro|X)rtion of th(*8e gases the greater 
the proportion of zinc fume. This fact, and the back reaction, indicated above, explains 
why all attempts to redure the oxide in reverberatory and blast furnaces have not been 
satisfactory. Either zinc oxide or the troublesome zinc fume is obtained,” p. 413. The 
reviewer doubts the volumt* of gas having any effect on the production of zinc fume unless 
there is oxidation. 

'‘Zinc oxide mixed with oil dries to a hard film, basic lead carl)onate or white lea<l 
dries to a much softer and more chalk-like surface, just as zinc added to certain metals gives 
hardness to the resulting alloy, so, by analogy, zinc oxide added to white lead produces a 
pigment which when mixed with oil and applied as a paint gives a harder and more durable 
surface than the white lead alone,” p. 518. This analogy seems painfully superficial to the 
reviewer. A plain statement of the facts is l)etter than an explanation which is not so. 

"The crystals of cadmium sulphide are yellow when in tufts of hairlike needles, but 
larger crystals are brownish-yellow. The different colours of amorphous cadmium sulphide 
are due to the relative amounts of light transmitted and reflected, since the colour of a sub- 
stance by reflected light depends on the character and relative amounts of light reflected 
directly from the external surfaces, and indirectly from internal surfaces— i.c. after having 
passed into the substance and been reflected out. Greenockite absorbs the blue and violet 
and part of the green spectral rays, the remainder are freely transmitted; a comparatively 
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large amount of blue light is directly reflected by the plane bright faces of the crystals about 
I mm. io diameter, and a small amount of red, orange, yellow, and green is reflected after 
Pe i ping through the surface layer. The combined effect of all the reflected light is a lustrous 
dark yellow to yellowish green or dark citron-ycllow'. Crystals 0.01 min. in diameter reflect 
about the same amount of blue light directly, and much more of that which has penetrated 
the surface so that the resulting colour is a brilliant yellow. Mas8(‘(l (Tvstals with a dull 
surface have a light yellowish-brown or citron colour. The grains of powered crystals 
usually have bright but not plane surfaces and give a brilliant orange powder, for there is 
less direct reflection, and more indirect reflection of light from the intcTior which has lost 
more green and yellow than with a powder having plane-faced fragments. The colour of the 
amorphous sulphide is explained in a similar manner. The amorphous .sulphide absorbs 
more strongly in the yellow and grt'cn and, by transmitted light, its < olour is orange yellow 
in films o.oi mm. thick, and yellow in films 0.001 mm. thick. The powdcTcd arnorplious 
sulphide with grains 0.0001 to 0.001 iniii. in diameter is bright yellow with a tinge of orange, 
and with grains o.(K) 4 to 0.007 <liainet.er, or compact aggregates of smaller globules, 

is bright orange,” ]). 503. 

” Mercury is not mentioned by Monies in the Pentateuch, nor by the earlier Greek 
writers, and Kopp, therefore inferred that the discovery of this element (;amp later than that 
of gold, .silver, copfs^r, tin, lead or, iron. Flerthelot believed that tin amalgam and copper 
amalgam were known to the ancient Egyptians under the name asem. According to 8elig- 
mann, the discovery by Schliemann of a small vessel full of mercury in a grave at Kurna, and 
estimat'd to belong to the sixteenth or fiftt'enfh century shows that thi.s element must 
have been known a very long t ime. ^^>iskopf was of tlu* opinion that this element was prol)- 
ably known to the Phmmieians and ( ’arthaginians ycx) B.C’ Diseoveries of stone 

hammers, arrow-heads, wtuxlen plates, and coins, made around Monte Amiata, Italy, show 
that these mines were work*xi for cinnabar by the Etruscans, and later by the Greeks and 
Konuins,” p. 695. 

Under physical proix^rtics of im*rcuric oxide, there is a ca.se of apparent cataly.sis, p 
779. which should lie atudietl more carefully. “Mercuric oxide forms complexes with many 
organic compounds, .\ccording to Auld ami Uantzsch, freshly precipitated mercuric oxide 
dws not dissolve in acetone, but it dissidves readily if a trace of alkali hydroxale is present ; 
it liehaves similarly with ncetahlehyde; and it <loes not dissolve in acetophenom' unless the 
mixture is heated to 100° ’ The following statement, p. 826, .should also bt* mvevStigated 
^'Zimghelis found that hydrogen undtT ordinary conditions does not reduce a solution of 
mercuric chloride, but it does so if the gas is allowe<l to bubble into the solution through a 
filter-paper extractum thimble.” 

The revievrer notes with sorrow that the author use.s the formula Hg('l when di.s- 
cussing mercurous chloride electrodes, p. 738 Since the mercurous ion has been proved to 
l>e Hgj , the formula for mercurous chloride should U‘ written Hgi('b in all eh'clrochoniical 
procesm>« regardlc.ss of what the formula of the vapor may be. 

Wilder I). Baurrojt 

Elektrochemie nichtwkssriger Lc sunges . Hu Ha ul b aldcn . J4XI /' cm ; pp. 

Leipzig: Johann Barih^ In the prt»face the author says, p. vii, that he is well aware 

that an “Electrochemistry of Non-aqueous f^liitions” requires a different treatment from 
an “Electrochemistry of Aqueous Solutions.” “The scientific foundation— the electrolytic 
dissociation theorv of Arrheniu* and the osmotic solution theory of van’t Hoff— is common 
to both electiochemieti it s. The ele<*t rocheniist ry of aqueous solutions has deepi'r roots and 
may bo tonsidered at present as generally accepted an<l as having proved its value tech- 
nically as well as scientifically. The electrochemistry of non-aqueous solutions has gone in 
more for breadth than depth. The niiml>er and variety of the non-aqueous solvents causea 
questions and relations to eome up which are either unknown or of minor importance in 
aqueous solutions. In spite of the great amount of exjierimental work w hich has been done, 
many problems still require confirmation as well as solution. Coiisequentiy ripe and unripe 



5^6 


NEW BOOKS 


fruit must be piled together in this book. The field of non-aqueous solutions shows in general 
a large swarm of anomalies, which are often enough considered as contradictiorfi to the two, 
previously mentioned, classical theories. In order to keep these difficulties, anomalies, and 
contradictions to a minimum, increased attention must be paid to the solute on the one hand 
and to the individual solvents on the other hand. In addition to the chemical nature, it is 
chicfiy the dielectric constant, which, like a red cord, guides us in our task of understanding 
and describing qualitatively, and to some extent quantitatively, all the peculiarities of the 
solvent. In the case of the solute the numerous anomalies can l)e referred to the formation 
of polymers, autocomplexes, solvates, and complex ions.'’ 

The subject is presented under the general sub-heads: historical development; 
conductance of solvents; conductance of solutions; effect of temperature and viscosity on 
conductance; transference numbers and migration velocities; electrolytic dissociation; 
potential differences; relation between electrolytic dissociation and dielectric constant; 
chemical reactions of electrolytes in non-aqueous solutions; solubility of electrolytes in 
non-aqueous solutions. 

The reviewer was delighted to see that Walden appreciates the value of Kahlen^ 
berg’s work, pp. 19, 391 . *'Both Traube and Kahlenberg have helped along the electrolytic 
dissociation theory by their criticism of it. The deliberate emphasis on the over-hasty 
generalizations (for instance, that all reactions are ion reactions), the logical criticism of the 
insufficiently explained causes for the dissociation into ions and the contradictions in the 
enormous field of non-aqueous solutions which often rested on inaccurate observations, the 
planning and carrying out of his own clever experiments on instantaneous reactions in non- 
conducting solutions, all these can be considered as positive achievements by Kahlenberg 
because they made it necessary for the upholders of the dissociation theory to make new ex- 
periments to clear up their views, to make limitations, and to reconsider their auxiliary 
assumptions .... Quite irrespective of the question whether Kahlenl)erg succeeded in 
accumulating enough dynamite to destroj’* the osmotic and electrolytic solution theories, 
this experimental work is full of interest, because it calls attention to a neglected field, which 
one can consider as a border-land between organic chemistry and physical chemistry.” 

There are interesting paragraphs on hydration, p. 33; on the relation of the dielectric 
constant to other properties, p, 42; on the ionization of binary" salts, p. 89; on the calcula- 
tion of the molecular conductance at infinite dilution, p. 96; on the hypothesis of complete 
dissociation, p. 108; on the dilution law, p. 146; on the diameters of the ions in non-aqueous 
solutions, p. 191; on abnormal ions, p. 195; on the conductance of aluminum bromide 
dissolved in bromine, p. 211; on the causes of anomalous conductances, p. 236; on the 
colors of the ions, p. 287; on the electrocapillary curves in non-aqueous solvents, p. 314; 
on decomposition voltages in pyridine, p, 322; on hydrogen as a halogen, p. 331, on the 
corrosion of zinc by hydrochloric acid dissolved in ether, p. 384; on conduction in gases 
during chemical reactions, p. 398; and on the relation between solubility and the dielectric 
constant, p. 430. 

The following summary is given of electrolysis in non-aqueous solvents, p. 332: — 
“The behavior of electrolytes in non-aqueous solvents, so far as electrolysis is concerned, is 
the same in the fundamentals as in aqueous solutions. Firstly, electrolysis occurs even in 
so-called insulators such as benzene. *Sccondly, the products set free at the electrodes 
correspond to the known elements and compounds obtained by electrolysis in aqueous 
solutions; but the chemical action between discharged ions and solvent can be modified so 
easily by a suitable choice of solvent that one can get products which are impossible in 
aqueous solutions (consider solutions in pyridine, acetone, nitrobenzene, ether, chloroform, 
ethyl bromide, benzene; aluminum bromide, ammonia, sulphur dioxide, bromine, iodine 
monochloride, iodine monobromide, iodine trichloride, the halide acids). Thirdly, Fara- 
day’s law bolds absolutely for the field of non-aqueous solutions.” 

Under reactions in inorganic solvents, we find the following summary p., 397; — 

I. Chemical reactions between inorganic electrolytes, which are typical, rapid ion 
reactions in aqueous solutions, take place also in non-aqueous, organic and inorganic solvents. 



NEW BOOKS 


527 


1. Theae reactions occur in media, in which a more or h'ss p<*rceptible formation of 
ions occur, as, for instance, in the alcohols and nitriles, or in liquid ammonia and sulphur 
dioxide. In consequence of the low dissociating powers of the media, the dissolved electro- 
lytes are often iwlymerized; dissociation occurs in stages, intermediate ions (complex ions) 
are formed which may be partially solvated and which take part in the reactions along with 
the normal ions (as detennincd in aqueous solutions). 

2. In so-called insulators such as hydrocarbons and their halogen substitution prod- 
uct« or in media with very low dielei'tric constants (less than 2.2), such reactions occur, 
especially precipitation reactions- The solubility relations of the newly-formed products 
are the determining feature, and reactions which give rise to insolubk* substanc^es run nearly 
quantitatively to an end. More careful investigations in these coses show the existence of 
ions, for instance in benzene, ether, and chloroform solutions. 

II. In addition to the knowm ion ri'actions the non-aqueous solutions give us in- 
stances of new, rapidly oirurring, reactions l>ctw(‘cn substances which do not belong to the 
recognized salt tyfx* or which arc not considered as electrolytes (for instance, the reactions 
with halogen aryls, metal aryls, etc). The electrolytic nature of these substances has been 
proved conclusively and therefore the action of ions may be postulated. 

One would supposi* that the size of the book would have made it impossible to in- 
clude the morif recent work; but there is a reference, p. 32;^, to the paper by (\>nant and 
Lutz on a quinhydrone electrode in aietone. Al)out the only fundamental error which the 
reviewer was comjx^tent to detect is on p. 60, where the author jiostulatcs that fluorine is set 
free in the electrolysis of aqueous hydrofluori<* aci<l but relicts at once with w'ater, regenerat- 
ing hydrofluoric acid. Of course, this does not hap^xm at all. That matter should have 
been cleared up once for all by I-e Blanc’s exiierimcnts on the decomiKJsition voltages of the 
basc*^ over thirty years ago. 

The author has done a monumental piece of work in compiling this l>ook and w^e 
hope that the book will tie a help and an inspiration to many for years to come. 

Wilder D, Bancroft 

Physikalische Chemie. By Alfred Brnrath. Vol MIL cm; pp, viii -f 107. 

Dresden and Leipzig^ W2S. Price: fifty cents. Tliis is another of the scries edited by Liese- 
gang which aims to tK).st jieople on the w’ork done during the w ar. This volume summarizes 
the w'ork publish(*d lietwetm 1914 and 1922. In the preface (he author says: ‘"There are two 
points of view from w'hich a progress report can 1 h' w rit ten. One can arrange the extract.^! 
chronologically or one can follow the development of certain lines of thought. The latter 
has been adopted because it is the more interesting. It cannot l)e denied, however, that the 
report is less complete in consequence because no place can lx‘ found for many pai>crs which 
are really the dying echoes of interests which have passed. On the other hand the l^egin- 
nings of a new development often lie back of the interval on wdiich one is reporting and one 
must therefore go back quite a way. Consequently the report acquires something of the 
character of a text-book but differs from it in not adopting a dogmatic treatment. The 
circle of readers is also determined by adopting this form of retort. It does not consist of 
those directly interested because they already know' the developments. It must consist 
of the chemists who are active in other branches but who wish to keep posted on the general 
advances in the science. They will receive an unexijected stimulus and w'ill be surprised 
to learn that the apparently very sound theoretical foundations, on which physical chem- 
istry rests, can scarcely carry the structure. The old pillars are shored up and replaced here 
and there by new ones. The highly developed cxix^rimental technique is continually turning 
out such a mass of new facts that the man with the systematic mind doubts the possibility 
of classifying everything under the existing theory . . . . We must hope that some day 
a new genius will appear who will remodel the collapsing science by the power of his ideas.'" 

The subject is divided into two parts: chemically pure substances and solutions, 
twenty-two pages being devoted to the fiwt and seventy-six to the second. There is a very 
good summary of the changes of properties of pure substances with the temperature, lender 
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allotropy^ p. 14, the author adopts the theory of Smits without modification and considers 
that all metals consist of an indefinite solid solution of two or more modifications. It does 
not trouble the author that the work of Cohen, which he cites, lends no support to this view 
although furnishing much data to show the prevalence of alloiropic modifications among 
metals. He also considers that Smits has solved the question of passive iron and that passive 
iron is fundamentally different from passive lead in the form of lead peroxide, On p. 33 he 
draws the conclusion that all liquids arc associated, apparently because it is not proved that 
they are not. He quotes approvingly, p. 35, the assumption (which he calls a law) of 
Dolezalek that the properties of a solution are always additive if one assume-s the right 
molecular weights. He wishes to account for the peculiarities of concentrated and non- 
aqueous solutions by postulating that the activities of the ions increase with the concentra- 
tion and decrease with increasing viscosity. He accepts, pp. 57, 74, Bjerrum's theorj^ of 
complete dissociation but draws the line, p. 95, at determining the degree of hydration of the 
ions from the application of Stokes’ law to the movement of the ions under electrical stress. 

This book is not critical in any proper sense of the term and one cannot congratulate 
the editor on his choice of an author. 

Wilder D, Bancroft 

Einfuhrung in die Kolloidchemie, By Victor PdschL Sixth improved edition, 2SX 
W cm; pp, xii-\-t58. Dresden ami Leipzig: Theodor Steinhopffy 1923, Price: 70 ds. The 
first edition appeared in 1908 and was probably a very good l>ook. It lui.s not chang(*d with 
each edition as rapidly as the subject has, so that now the book does not represent the mod- 
ern point of view. In the list of scientific journals, for instance, the Journal of Phy-sical 
Chemistry does not appear. , 

The subject is presented under the general heads: historical development of colloid 
chemistry; characteristics of the colloidal state; properties of colloidal solutions and gels; 
methods for making colloidal solutions; views on the nature of the colloidal state; signifi- 
cance of colloid chemistry for other sciences; significance of colloid chemistry for cemrbial 
industry. 

In the chapter on the theori<‘s of the colloidal state the author considers the solution 
theory, the adsor|>tion theory', and the suspension theory as more or less mutually exchtsive. 
Practically nobody lielieves that colloidal silver, for instance, is in true solution and prac- 
tically nobody believes that colloidal silver would stay in suspension if the particles were 
not kept from coalescing by adsorlied ions. Consequently it is an absolute waste of time to 
discuss the relative merits of an adsorption theory and a suspension theory. It is rather 
pitiful to think of a man being a pioneer at the time of a first edition and apparently a hope- 
less back number at the time of the latest edition. 

Among the indiLstrial products which are essentially colloidal, tlie author cites, p. 
140: starch, cellulose, celluloid, glue, leather, resins, nibber, artificial silk, papc?r, photo- 
graphic plates and papers, soap, etc. Among the sciences which are interested in colloid 
chemistry the author cites biology, physiology, pathology, pharmacology, agriculture, 
mineralogy, and meteorology. 

Wilder D, Bancroft 

Die Elektrochemie der wksserigen Losungen. By Fritz Foernier, Fourth unretioed 
edition, 25X17 cm; pp. xx-^OOO. Leipzig: Johann A. Barth y 1923, The third edition was 
reviewed about two years ago (26, 493). The fourth edition is exactly like the third and 
corresponds to what we call another printing. There is therefore nothing to add to the 
previous review except the warning that this is not a new edition in any real sense of the 
word- 


Wilder D. Bancroft 



THE SIZE-FREQUENCY DISTRIBUTION OF GRAINS OF SILVER 
HALIDE IN PHOTOGRAPHIC^ EMULSIONS AND ITS 
RELATION TO SENSITOMETRIC (^HARAC TERISTICS* 

VI. Photographic Demities derived from Size-Frefiuency Data^ 


BY K. P, WIGHTMAN, A. P. H. TRIVELLI AND «. K. 8HKPPARD 

The object of the present work was to find a method of deriving experi- 
iiHmtally the densities for any given exposures in the characteristic H. and D. 
(density-log exposure) curve of a simple photographic emulsion from its grain 
si ze-f req ue n cy dist ri bu tion . 

The Size-Frequency Determination 

One-grain-layer plates of a Seed lantern slide emulsion were prepared, on 
thin plate glass strips, 5 cm. X 12.5 cm, X alwiit 1-2 mm. thick, in the manner 
pr(»viously described by us*. 

The size-frequency distribution measurements of th(^e were made by tlu‘ 
method also previously described**. In order to obtain a high degree of ac- 
curacy in the experimental size-fr(*quency data more than 84000 grains were 
measured, 17.500 alone to detennine the frequency curve of the unexposed 
grains. For the latter more than 100 photomicrographs were made from 
widely distributcHl fields over several plates. 

It was found on plotting the data that neither the simple exponential 


(’q nation 



(i) 

nor the ino<lified Gaussian tvpe 



(2) 


would truly represent the observed distribution. 

The Gaussian type (Eciuation 2) had l)een applied to all data displaying a 
maximum, but the tail of the applied curve was frequently too steep and short 
to fit the observed values. That this formula is fundamentally incorrect in 
such caH(‘s was demonstrated by Mr. Loveland of this I^I>oratory by plotting 
the logarithms of the observed frequencies against the class size. If the data 
are rigidly represented by the above formula (Eq\iation 2), then the curve just 
plotted should have the form of an inverted paral)ola since by taking the 
logarithms of both sides equation (2) can be put in the form 

(x-a)’« -4a(y'~/8) (3) 

where j/'=rln j/, and /S^lnA. This, how^ever, was found not to be the 

ease. 

‘ Communication No. 200 from the Research Laborator>’ of the Eastman Kodak 
C^ompany. 

* rresented in abstract before the Am. Chem. Soc., Milwaukee Meeting, September 

0923)- 

» E. F. Wightman, A. P. H. Trivelli and S. E. Sheppard: J. Phys. Chem. 27 , i (1923). 
^ Ibid. loe. rit. 
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Mr. Loveland then tried plotting the logarithms of both the x and y values 
and found that the locus of the points can be well represented by the general 
inverted parabolic formula 

(x'-.ay 4a(y'-/3) ^ ( 4 ) 

If we let at' = In a: and j/'=ln y, and as above, a=^ and »» In A, this ex- 
pression can be converted into the form 

2/ = Ae (5) 

which is found to fit the observed size-frequency data for certain emulsions 
much more closely than equation (2) because of its higher maximum and 
longer tail. We will henceforth call this the “Loveland equation”, although it 
was found later that it can be derived by a diflferent method, namely that of 
Kapteyn and van Uven. 

Size-Frequency Curves and their Physical Meaning 

We have already pointed out^ that equations (i) and (2) have a definite 
physical meaning, in that “the starting point in the determination of dispersity 
and distribution of grains formed in precipitation appears to be the preliminary 
distribution of ionic and molecular velocities in the reaction solution. 



“This will be represented by MaxwelFs ‘error function' in some form. 
Thus, the number of ions having velocities between the limits v and v+dv will 
be 

= -vMv 

where N is the total number in the system, v is the root-mean-square velocity 
and C is a constant. 

“Further, the velocities (Brownian movement) of the first colloidal 
particles of insoluble precipitate formed will be similarly distributed — both as 
rc^g^ds translational and rotational movements”. 


. > E. P. Wightman, A. P. H. Tnvelli and S. E Sheppard: Trans. Faraday 80c., 29* 
270 (1923)- 
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The effect of stirring and other factors is likewise considered, and it is 
pointed out that the actual emulsions, in many instances follow simple asym- 
metrical error functions which are similar to or can l)e derived directly from 
the Maxwellian distribution. 

The physical meaning of the Loveland equation, however, is not quite 
apparent at first sight. Our attention has just lx?en din^cted by Prof. Zernike, 
of Groningen, Holland, to a book by J. (\ Kaptc*yn and M. van Uven’, in which 
the physical significance of such an equation is discussed. The equation with 
the logarithm in the exponent results from the assumption that the growth of 
the grains is proportional to the siz<^ of the grains at any instant. This is a 
quite reasonable assumption to make and is probably true for a large number of 
cases. 

We give in Table I a comparison of data calculated by equations (2) and 
(5) with the observed values. The data are plotted in Fig. i. 


Table I 


Comparison of Observed and (’alculated Values of Size-Frequency Seed 

lantern Emulsion 


Class Sise 

y obs, X 10“^ 

E<jua. (5) 


in M* 

l>or cm* 

y calr*. X 10*^/ 001* 

y calc. X I0~^'Vm’ 

0.065 

600 . 27’*' 



0 . 1 1 5 

1428.94 

1428.79 

*429-45 

O.IS 

1976.30* 



o.i 8 = A 


1049.95 


0 . 20 


2008.65 


0.25 

I 7 QI 59* 



0 

0 

1276.97 

1278.08 

* 275-44 

0-35 

1014.26* 



0 40 


651.56 


0.45 

562. 3 >* 



0.50 

317 97 

310.66 

32562 

0.70 

58.90 

73 *5 

23 79 

0.90 

16.63 

IQ. 02 

0.50 

1 . 10 

552 

5.58 

0.003 

1.30 

I .69 

1.76 

0 

1.50 

1.42 

o. 6 r 

0 

1.70 

0.88 

0.23 

0 

X .90 

0.18 

0.09 

0 

2 , 10 

o.i 8 

0.04 

0 


*Thefie values were determined separately on a smaller number of grains than those 
originally measured, in order to see if the experimental values indicated a maximum, and 
if this were at all comparable with that obtained by equation (5). 

^ J. C. Kapteyn and M. Van Uven: Skew Frequency Curves in Biology and Sta- 
tistics, 2nd Paper, Astronoraical lal>oratory, Groningen, Holland (1916). 
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We can now get a clearer picture of how an emulsion of simple type is 
formed : 

The molecules in the reacting solutions are brought together and start 
forming very minute grains of different sizes, due to the variation in molecular 
velocities. By in this case we mean '^surface^^ although practically we 

use ^^projective area”, which may be considered as approximately proportional 
to total surface where the grains are for the most part tabular as in some 
emulsions, or mostly nearly spherical as in other emulsions. Now, once the 
grains have started forming in different sizes they continue to grow, each 
proportionally to its own size at any moment, until an equilibrium condition 
is reaohed. In the so-called ripening process this same condition would 
tend to hold. 

We can imagine, however, that there may be certain factors which will 
make the growth either independent of the preexistent sizes on the one hand,, 
or may modify the strict proportionality on the other. 

We shall turn now to certain observations made in the third paper of this 
series.^ It was noted there that equations of the same fundamental form 
appeared, at least approximately, to be applicable to both unifonn diameter 
and uniform area classification, although mathemat ically this was inexplicable. 
In other words, equation (14) in that paper, i.e., 

where z represents the diameter of the grain, cannot be converted mathe- 
matically into an equation of the same form by replacing z by its equivalent 
area, since the variable in the exponent is then changed to the one-half power. 

On the other hand, it is seen from the following that equation (5) above,, 
can be so converted: 

Let the projective area corresponding to the diameter z, then 

Substituting this in equation (5) we get 

A ^ -k(In(ir**) — a)* 


y-Ae' 


k(2lnjr-f* 2 lnir — a)* 
~k'(iii2-a')* 


where 


k' = k/Vi; and a'- 


Thus we have changed the constants but not the variable, and hence t he 
fundamental form of the equation remains the same. 


The Results of Photographic Exposure and Development 

A series of one-grain-layer plates coated in the same way, and with the 
same emulsion as above stated, were exposed in a Jones non-intermittent 
sensitometer, to uniform intensity of light for a series of times increasing in 

* Wightxnan, Trivelli and Sheppard: J. Phys. Chem. 27 , i (1923). 
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1/2 powers of 2. These plates were developtnl to approximately gamma- 
infinity, and the developi^d silver was removed by means of a Cr03-H2S04 
solution (0.5% each). 

The residual grains were then photomicrographed, as in the case of the 
unexposed plates, and the size-frequency distributions of the residual grains in 
each step were determined pi^r unit area of the plat(‘. The values from six 
plates were averaged (See Table II.) and the resulting values for the residual 
grains on each step were subtracted from the total unexposed grains (develop- 



Kjg, 2 

ment fog being negligible), thus giving the size-frequencies of developable 
grains per unit area of plate. By dividing the resulting values by those for the 
original area-distribution we got the percentage developable grains in each 
class. These are given in Table III. together with the approximate exposures 
in ergs. 

It should be noted that the^je values for the percentage developable grains 
were obtained entirely from the experimental data without attempting to 


Table II 
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smooth them out. In spite of that, they show a remarkable smoothness as can 
be seen from Figs. 2 and 3, where the percentage developable grains are plotted 
against mean class size for the eleven exposure steps and four class-sizes. 
Values for other elass-siz(‘s were not plotted because f)f th(‘ir comparatively 
great inaccuracy. 

A complete discussion of the size-frequency curves of tins emulsion and 
of the residual grains after exposure and development will Ix^ given in a later 
paper. 

These values of [percentage developable grains are being used by Dr. L. 
Silberstein for testing his theory of exposure by discrete light quanta, and they 
will also be used by us to test the theory which we had previously put forward* 
for obtaining the relation l)etween the frequency distribution and the charac- 
teristic exposure-density curve. 

It should also 1 k> said that an effort will be made to fletcrmine for com- 
parison, the theoretical frecjuency curves and [percentage developable grains 
on the basis of the quantum theory. 

Derivation of Density from Size-Frequency Distribution 

As we have showm previously^ the size-frequency distribution in itself is 
of no great importance. W(^ therefore obtained the theoretical (projective) 
area-distribution by means of the equation 

y-xy- Axe (6) 

The resulting curve is represented by the dotted line in Fig. i. Practically, 
the area-ilistribution was obtained by multiplying the frequencies in each 
class-size by the mean class-size. This was done for each exposure step and the 
areas of n^sidual grains were subtract < m: 1 from the corres[K)nding areas of the 
original unexposed emulsion. Table IV gives the projective areas of 
residual grains per class for the different exposure steps, and Table V the 
corresponding values for the developable grains. The data in Table V for 4 
classes are plotted as dotted lines in Fig, 3, area of grains against log exposure. 

Before the density of developed grains can Ipe obtained, however, it is 
necessary to know the expansion ratio or increase in projective area of the 
grains of each class in lioing developed from silver bromide to silver. This was 
found by photomicrographing the same grains b(?fore and after development 
and taking the ratio of their sizes in the two cases. 


* Wightinan Trivelli and Sheppard: J. Phys. Cheni. 27 , 14 1 (1923); Franklin Inst., 
IV 4 , 4S5 (1922). 

* Loc. cit. 
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The results of multiplying the areas of developable grains by these ratios 
are shown also in Fig. 3 (as continuous lines) and the ratios are inserted above 
the curves. 

In this connection we should like to mention some curious phenomena 
which were observed while making the photomicrographs of developed and 
undeveloped grains. The first and third columns of pictures in Fig. 4 show 
certain grains before and the second and fourth columns the same grains after 



development. Notices that some grains which are together, separate in devel* 
oping, others where the grains appear widely separated grow together. Other 
single grains are completely distoited. Oases have also been noticed, particu- 
larly with minute grains, where they either become smaller or disappear 
altogether in development. 

The assuming of odd shapes is no doubt due to uneven strains in the sur- 
rounding gelatin. That is, as the spongy silver is formed the strains in the 
gelatin relieve themselves and push it (the silver) in the direction of least 
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resistance. The disappearance of the more minute grains can be explained 
as due to their solution by the developer — with perhaps deposition else- 
where on larger grains. 

Returning now to the subject of the conversion of the area-exposure 
curves. The curve of the first class-size is seen to fall completely out of con- 
secutive order due to the fact that the frequencies of the first and second 
classes are nearly the same, while the grains of the second class average three 
times larger than those of the first. Curves for classes larger than the fourth 



Fig. 4 


have been omitted because of the difficulty of getting accurate expansion 
ratios for these in an emulsion with such a sharp maximum and narrow spread ; 
that is, the number of grains of larger size occurring in the considerable number 
of micrograms made, is so small as to make the values of areas and expansion 
ratios very uncertain. 

Nutting has stated^ that the probability of light being stopped by solid 
silver grains lying in one layer on unit area of a photographic plate is the ratio 
of the covered to the total area, namely, of the number of grains, t?, times their 
average projective area, a, to i. Similarly, the probability of a ray passing the 


^ P. G. Nutting: Phil. Mag., 26 , 421 (1913). 
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layer of grains, is i— na. other words the absorption and transmission 
coefficients are respectively the probabilities of light hiding stopped and of being 
passed/’ 

Blit n is of course equal, for any class size of grains, to the average area, 
Xj of the original undeveloped silver halide grains in that class, times the 
expansion ratio of the developed to undeveloped grains, r. Hence, denoting 
transparency by T 

T = j — nrx 



Photographic density was defined by Hurter and Driffield^ as 

D=^LogioT 

For the individual classes of grains per unit area of a i-grain layer plate 
we therefore have 


D = Logio 

I— nra; 


( 6 ) 


* F. Hurter and V. C. Driffield: J. Soc. Cfaem. Ind., 9 , 455 (1890). 
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The values calculated by means of this formula (See Table VI.) are plotted 
in Fig. 5. 

To form the composite density curve, in which the grains of all classes 
are mixed, we do not add the individual densities for each class size but make 
use of the formula 


D = Log 


1 

i-(ni ri Xi+n 2 n 2:2+ ■“+nn a:„) 


( 7 ) 


where the lettei’s have the same significance as in (6) and the subscripts indi- 
cate the class number. The resulting curve is shown in Fig. 6 as “curve 
synthetic H. and 1 ).^^ (for data see Table VI.). 



We have given, for comparison, also the curve of densities against Logio E 
for a similar set of plates measured by means of the thalofide cell densitometer 
(Curve A, Fig. 6). The two curves do not fit. This may be due to one or all 
of three causes: 

1. The expansion ratios were determined only for the first four classes 
and were based on a coioparatively few measurements in class four. Their 
accuracy is therefore questionable. 

2. The density at any exposure may not be truly represented either by the 
formula by means of which the thalofide cell measurements are calculated, or 

3. By the thalofide cell method itself. 

These points are to be tested by further experimental work. 
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Table VI 

Density-Log E Values 
Individual CUass Densities 


Step 

LogE 





Synthetic 

H.ifeD. 

Measured 

H. <fe D. bv 

No. 

I 

2 

3 

4 

Composite 

Thalofide Cell 

T 

2.176 


.00279 

.00233 

.001 10 

.00625 

.oor I 

2 

2 .326 


.00405 

.00424 

.00156 

.00992 

.001 T 

3 

2.477 

.00019 

. 00663 

.00639 

.00180 

•01517 

.0025 

4 

2 .627 

00078 

OTI06 

.00780 

.00201 

.02206 

0080 

5 

2.778 

.00222 

01656 

00866 

00208 

.03015 

•0175 

6 

2 .928 

.00389 

.01917 

. 00898 

.00209 

.03491 

.0309 

7 

3 079 

•00535 

.02034 

.00918 

002 12 

.03801 

•0415 

8 

3.229 

.00613 

02088 

.00024 

002 12 

.03948 

.0488 

0 

3 380 

.00662 

.02138 

00928 

.00212 

•04055 

.0526 

10 

3 • 530 

. 00680 

.02169 

.00928 

.002 12 

.04118 

.0562 

1 1 

3.681 

.00712 

02180 

.00928 

Summary 

.00212 

•0415s 

•OSS^J 


1. The size-frequency distribution of a Seed Lantern emulsion has been 
determined, and it was found that neithtn* the simple exponential nor the 
(iaiissian type of equation would fit it. 

2. A more satisfactory equation was found which fits very accurately. 

3. This equation -k(inx-«)» 

y = Ac 

results from the assumption that the growth of the particles in the emulsion is 
proportional to their size (surface or l(*ss accurately, their projective area) at 
any moment. 

4. The formation of a photographic emulsion on the basis of this assumption 
seems to be a very reasonable one and we accept it as true for a number of cases. 

5. It is shown why an equation of the same fundamental form (but not 
those used previously by us) can be used to n^present both uniform diameter 
and uniform projective area classification. 

6. A method of determining density values from size-frequency data was 
worked out and consists in converting the size-frequency to projective area dis- 
tribution. Then, by applying a factor for the increase in size of the silver 
halide grain on development, the area distribution of developed grains is 
found, and finally the composite density D is calculated by means of the 
equation 

D = logio 

i — (riniXi+r2n2X2+'''+r^nr,Xn) 

where ri, r2, etc., are the expansion ratios, ni, 112, etc., are the frequencies of 
grains of each class-size per unit area of plate, and xu X2t etc., are the mean 
class sizes. 

7. A comparison of the synthetic density curve found in this way, with the 
curve obtained by means of the thalofide cell densitometer shows poor agree- 
ment. Possible explanations of this are given. 

Rochester^ N. Y, 

December i, 1923, 



THE QUANTITATIVE DETERMINATION OF REDUCTION 
PRODUCTS OF FREE NITRIC ACID SOLUTIONS: NAMELY— 
NITROGEN PEROXIDE, NITRIC^ OXIDE, NITROUS 
OXIDE, NITROGEN, NITROUS ACID, AND SALTS 
OF HYDROXYLAMINE, HYDRAZINE, 

AND AMMONIA. 

BY LOWELL H. MILLIOAN 

1. Introduction. 

When free nitric acid solutions are reduced by action on metals or strongly- 
reducing metal salts, or by electrolytic means, the different nitrogen com- 
pounds which result may vary from nitrogen peroxide down to ammonium 
salts depending on the method and the conditions attending the reduction. In 
actual experiments it has been shown that the action of nitric acid on metals 
may yield various mixtures of the products: nitrogen peroxide (NO2), nitric 
oxide (NO), nitrous oxide (N2O), nitrogen (N2), nitrous acid (HNO2), and 
salts of hydroxylamine (NH2OH) and ammonia (NH3). Therefore a complete 
careful study of such reactions or other related problems involves accurate 
analytical methods for the quantitative determination of these substances. 

But in addition to the compounds which have actually been found as 
reduction products of free nitric acid, a number of others might be formed in 
solution and their ultimate survival or decomposition would depend on cir- 
cumstances. Salts are known which are formed from nitrohydroxylamic acid 
(H2N2O3) and hyponitrous acid (H2N2O2), although the free acids themselves 
decompose at once with the liberation of NO and N2O respectively. Nitra- 
mide (NO2NH2), an isomer of hyponitrous acid, has been isolated in the free 
state as a solid, but its solutions are quite unstable and decompose readily 
into N2O and water. Thus, while these substances may exist momentarily as 
transitional stages, they break up so rapidly that no analyses need be made 
for them in the final acid solution. However, dilute nitric acid solutions of 
hydrazine (N2II4) and hydronitric acid (HN3) are quite stable, and if these 
substances were once formed it might be necessary to determine them. 

Many investigators who have studied the reduction of nitric acid have only 
made partial analyses, and often the methods used are open to serious objec- 
tions. Probably Freer and Higley^, who studied the action of nitric acid on 
metals, used better methods than most of the others, but even their procedures 
and results leave much to be desired. 

The present work was undertaken as the first step in what it is hoped will 
finally be a thorough study of the action of nitric acid on metals, and its reduc- 
tion by electrolytic means. In this paper, the gases which may be given off 

1 Freer and Higley: Am. Chem. J., 15 , 71 (1893); 17 , 18 (1895); 18 , 587 (1896); 21, 
377 (1899)- 
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(nitrogen peroxide, nitric oxide, nitrous oxide and nitrogen) are discussed 
first; the method which was developed for the analysis of these gaseous mix- 
tures is then described, and the results obtained when known samples wen^ 
taken for analysis are given. The residual nitric acid solution is then con- 
sidered, and methods of analysis are described for salts of hydroxylamine, 
hydrazine, and ammonia, for nitrous acid, and also for strongly-reducing 
metal salts. Results are given which were obtained with known samples. The 
effect of hydronitric acid on analyses for the other compounds is considered, 
although the determination of hydronitric acid itself is not discussed. The 
methods of analysis for the nitric acid solution arc as general as it has been 
possible to make them, but it is conceivable that they may fail in th(^ presence 
of interfering substances not considiu-ed here. If such cases arise, they will 
liav(* to be met with modifications of these methods, or with special new ones. 

II. Analytical Methods for Gaseous Mixtures of NO2, NO, N2O, 

and N2. 

I. General DiacvsMon, 

The accuracy of anal>i/ical methods designed for mixtures of different, 
compounds depends first on the individual accurac.y of the methods for each 
substance alone, and second on the mutual effect of the methods when used 
together or successively as the case may be. In the following paragraphs the 
first of these factors is takem up in a more or less general way for N()2, NO, 
N2O and No, together with a few of the propei'ties of these gases and the 
methods which were* us<t1 in this investigation to obtain them in a pure state. 

(a) Nitrogen peroxide. 

Nitrogen peroxide is a brown gas in equilibrium with nitrogen tetroxide 
according to the reaction : 

2N()2T=^^N204. 

At low temperatures N2O4 is a colorless liquid, but as the temperature is 
raised it becomes brown due to dissolved NO2, and it boils at about +26°C\ 
In contact with concentrated sulfuric acid, NO2 is paiiially oxidized and par- 
tially reduced, nitrosylsulfuric acid and nitric acid being produced according 
to the reaction : 

2NO2+H2SO4-NOHSO4+HNO3. 

and this reaction forms the best method for its determinadon.^ As long as the 
sulfuric acid is maintained concentrated, both products are stable and have 
low vapor pressures. The ‘^nitrous nitrogen” (i.e., nitrogen in the nitrosyl- 
sulfuric acid) may be determined by a permanganate titration, and the ^ 'total 
nitrogen” may be calculated from measurement of the volume of nitric oxide 
evolved when a given volume of the acid is shaken with mercury in a nioro- 
meter. When the sulfuric acid has absorbed pure NO2, the nitrous nitrogen is 
half the total nitrogen. 

^ Lunge: Ber., 15 , 488 (1882); Lunge and Berl: Z. angcw, Chem., 19 , 809, 858 (1906); 
20, 1714 (1907); Sanfourchc: Bull. 31 , 1248 (1922). 
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For use in this work, nitrogen peroxide was prepared by slowly dropping 
concentrated nitric acid on warm arsenious oxide^ and filtering the evolved 
brown fumes through glass wool, drying them over P^Os and condensing them 
in a double U tube cooled in ice-salt mixture. Purification was accomplished 
in the apparatus shown in Fig. i, the stopcocks of which were lubricated with 
P2O6. B and G in the figure, are tubes containing P2O5 and glass wool, and 
M is a CaCU guard tube to prevent backward diffusion of water vapor from 
the water suction pump applied at N. About half of the crude green distillate 



from the first condensation was distilled through ABC into D where it was 
condensed by cooling. It was oxidized by admitting pure oxygen under a 
pressure of 2-3 atmospheres at A, and shaking until the liquid had changed to 
a deep brown color. It was then allowed to stand under an oxygen pressure 
for two days with occasional shaking, and was finally distilled through G into 
H, the first distillate and the last portion of the liquid being rejected. A 
short capillary tube blown into a bulb L at one end and ground off perfectly 
fiat at the other, was accurately weighed before being attached with DeKho- 
tinsky cement to a similar ground capillary on the apparatus at K. This 
method of attachment prevented appreciable action of the corrosive NO2 
fumes on the cement. By manipulating the stopcocks I and J the air was 
displaced from the lr?ulb and tubes, and then the bulb was cooled in a freezing 
mixture of alcohol and CO^-snow contained in a Dewar goblet, until sufficient 
N2O4 was obtained in the bulb as a colorless liquid or solid. The bulb was then 
sealed off with a tiny blast flame, the capillary was detached by warming at 
K, and the cement was removed with a little alcohol. The bulb and the capil- 
lary were weighed, the weight of the sample being calculated after correcting 
the weights to vacuuo. Bulbs containing known weights of nitrogen peroxide 
were used as samples for testing the accuracy of the analytical methods 
described in detail further on in this paper. 

(b) Nitric oxide 

Nitric oxide is a colorless gas which readily combines with oxygen of the 
air to form nitrogen peroxide : 

2N0+02:?±:2N02. 

*Hasenbach: J. prakt. Chem., (2) 4 , i (1871). 
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Therefore analytical operations designed to separate NO and NO 2 must be 
carried out in the absence of air. Pure nitric oxide acts like an inert gas when 
it dissolves in pure concentrated sulfuric acid, in which it is quite insoluble^ 
In the presence of nitrogen peroxide, however, an equilibrium is set up:- 

N02+N0:4Zi:N203. 

and combination readily takes place with concentrated sulfuric acid to form 
nitrosylsulfuric acid and water 

N20a+ 2H2S()4 = 2N0HS()4 + H20. 

Thus when pure N2O3 is completely absorbed by concentrated sulfuric acid, 
only nitrosylsulfuric acid (no nitric acid) is formed. The fact that Lunge and 
Berl found that absorption of an equimolecular mixture of NO and NO2 in 
concentrated H2SO4 was not quite complete, and that the nitrous nitrogen in 
the acid was slightly less than the total nitrogen, is easily explained when the 
mechanism of the reaction is considered. Only a small amount of N2O3 is 
present at room temperature in a mixture of N(') and NO2, but the rate of 
combination between NO and NO2 to fomi N2O3 is rapid up to the equilibrium 
point and the absorption of the N2O3 by the cone.H2S04 is rapid, causing 
further formation of N2O3. However, NO2 is absorbed alone in an independent 
reaction, and this takes place to a small extent with the formation of nitrosyL 
sulfuric and nitric acids. If the nitric oxide which is thus left in the gases in 
excess, can come into contact with the nitric acid which is now present in the 
sulfuric acid, it will reduce it:^ 

HNO 3 + 2 NO+ 3 H 2 SO 4 = 3 NOHSO 4 + 2 H 2 O. 

But all of the excess NO does not come thus into contact, and therefore a small 
amount of the NO escapes from the solution unchanged. 

If concentrated sulfuric acid is used as an absorbing medium for NO2 and 
mixtures of NO and NO2, the relative amounts of NO and NO2 which were 
absorbed can be calculated from determinations of the nitrous nitrogen and 
total nitrogen in the acid. However, if NO is present alone, or if there is a 
larger volume of NO than NO2, other methods must be used to absorb it. 
In the first experiments made in this laboratory, a definite volume of 0.3 N 
permanganate solution acidified with sulfuric acid was used,^ by means of 
which NO is quantitatively oxidized to HNO3 when suitable precautions are 
taken to obtain good contact between the gas and the solution for measurable 
periods of time. At the end of the experiment the permanganate used up was 
calculated after adding a measured excess of standard ferrous sulfate solution 
and determining the excess by a permanganate back-titration. It was found, 

* Tower: Z. anorg. Chem., 50 , 382 (1906), 

* Dixon and Peterkin: J. Chem. Soc., 75 , 613 (1899); W'ourtzel: Corapt. rend., 170 , 
109 (1920). 

® Lunge and Berl: Z. angew. Chem., 19 , 809, 858 (1906); 20, 1714 (1907); Sanfourehe: 
Compt. rend., 172 , 1573 (1921). 

* This reaction is indicated by Freer and Higley (Ain. Chem. J., 15 , 77 (1893). San- 
fourche (loc. cit.) ascribes it to Lun^e, but I have not been able to find it in any of Lunge's 
original papers. There is no question, however, but that it is accnirate for concentrated 
H2SO4 containing a little nitric acid, as my work will show. 

* See Moser: Z. anal. Chem., SO, 422 (1911). 
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however, that oxides of manganese were precipitated when nitric oxide was 
absorbed by this solution, and they rendered accurate results impossible 
because they could not be washed satisfactorily from the absorbing vessel and 
they would not go completely into solution in the ferrous sulfate. Neutral 
permanganate solutions acted similarly. Experiments with addition agents 
designed to stabilize the pennanganate, showed that phosphoric acid when 
used alone, completely prevented the precipitation of oxides of manganese by 
the nitric oxide. It was found, however, that these permanganate solutions 
gave off measurable amounts of oxygen, which was particularly unfortunate 
because it interfered with the determination of N^O to be described in the 
next section of this paper. Phosphoric acid prevents the immediate precipita- 
tion of oxides of manganese from permanganate solutions, but it does not pre- 
vent them from giving off oxygen under certain conditions; nor does it prevent 
the eventual decomposition on standing, of standard permanganate solutions 
which are made with water containing small amounts of organic matter. 

The final reagent which was found to be satisfactory for the absorption of 
nitric oxide, was concentrated (95^^) sulfuric acid to every 100 cc. of which 
was added 2 cc. of concentrated (70%) nitric acid. This mixture absorbs NO 
with the formation of nitrosylsulfuric acid according to the reaction previously 
given, and the nitrous nitrogen in the acid, from which the NO is calculated, 
is afterward determined by a permanganate titration. The amount of NO 
which a given volume of this reagent is called upon to absorb, should always 
be considerably less than is equivalent to the nitric acid present. 

Pure nitric oxide was prepared by shaking concentrated sulfuric acid con- 
taining a little nitric acid, with mereur3\^ Samples were measured by volume, 
over mercury in a moist burette. 

(c) Nitrous oxide. 

Nitrous oxide is a colorless, relatively inert> gas which resembles carbon 
dioxide in many of its f)roperties.‘ It is very soluble in most liquids, but does 
not form stable compounds with them, and may therefore be eventually 
‘hashed out’^ of solution in sulfuric acid, sodium hj'^droxide solutions, etc., by 
means of another gas. 

The quantitative determination of nitrous oxide is often carried out by 
combustion with hydrogen, according to the reaction: 

N20 + H2 = N2+H20. 

The contraction on burning is equal to the volume of the N2O. Such a com- 
bustion may be made in any one of three possible ways: 

1. The N2O may be exploded with hydrogen alone, or with hydrogen con- 
taining a known volume of oxygen. 

2. The combustion with hydrogen may be made to take place slowly at a 
red-hot platinum surface, preferably a platinum wire in a ‘^slow combustion'^ 
gas pipette. 


' See Moser: Z. anal. Chein., 50 , 407 (1911). 

* Langmuir: J. Am. (^hem. Sor., 41 , 1544 (1919)* 
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3. The combustion with hydrogen may be carried out catalytically at a 
surface of warm, platinum or palladium asbestos. 

The literature is full of conflicting statements regarding the accuracy of 
these methods.' Explosion with hydrogen tends to give low results, although 
many authors fail to make proper distinction between the various means of 
carrying out the combustion. Winkler advocates slow combustion with hydro- 
gen at a red-hot platinum surface.^ Kemp, however, finds ammonia in the 
products, and says that the method is unreliable. The low temperature com- 
bustion with warm, platinum or palladium asbestos can only be applied to 
analyses for small amounts of N2O, because large and variable amounts of 
ammonia are formed under these conditions.® 

Modern physical chemistry gives a rational explanation of the facts noted 
by the above observers. Haberi gives data on the equilibrium: 

N2+3H2:?=t2NH3. 

At a total pressure of one atmosphere, 0.08% of NH» is present at 55o°C., 
and 0.006% of NH3 is present at 95o°C. Therefore the combustion of N2O 
with hydrogen should be carried out at a relatively high temperature in order 
to prevent appreciable formation of ammonia. At a red-hot platinum surface, 
even though ammonia may be formed by more or less localized low tempera- 
ture nmetion, it will be decomposed provided it comes again into contact with 
the hot surface before it is absorbed by the moisture in the pipette. This 
t'xplanation also accounts for the fact that nitric oxide and hydrogen should 
be passed slowly through a red-hot idatinum c*apillary if quantitative conver- 
sion to N2 and H2O is desired, as rapid passage causes the formation of appre^- 
ciable amounts of Platinum or palladium asbestos is used at a compar- 

atively low temperature, and under these conditions the equilibrium shifts 
toward larger quantities of ammonia, as various experimentors have found, 
although the conversion to ammonia is not quantitative. 

Different investigators have tried to dissociate N2O quantitatively into 
N2 and (>2 by heating it alone,® but at high temperature NO tends to becom(‘ 
more stable, because it is the most endothermic of the oxides of nitrogen. 
Appreciable amounts of it are produced according to the reaction 

N2"i"02= 2NO, 

and under these conditions the NO reacts with oxygen: 

2N0 + 02=2N02, 

In contact with water vapor which is always present, the nitrogen peroxide' 
attacks the mercury which is used to confine the gases, and produces surface 

‘ Lunge: Ber., 14 , 2190 (1881); Kemp: Chem. News, 71 , 108 (1895); Hempel: Per., 
15 , 903 (1882); Dumreicher: Monat., 1, 732 (1880); Baskerville and Stevenson: J. Ind. Kng. 
Chem., 3 , 581 (1911). 

* Winkler: “Lehrbuch tech. Gasanalyse"', 3d Ed., 190 (1901). 

* Winkler: ^^Anleitung zur chemischen Pntersuchung der Industrie-Oase”, II, 429 
(1877); Lunge: Ber., 14 , 2190 (1881). 

^ Haber: J. Soc. Chem. Ind., 33 , 53 (1914). 

* Knorre and Arndt: Ber., 32 , 2138 (1899). 

® Baskerville and Stevenson: J. Ind. Eng. Chem., 3 , 580 (1911). 

^ Haber: loc cit. 



550 


LOWELL H. MILLIGAN 


films which have been noticed experimentally. When the dissociation is pro- 
duced in such a way that the oxygen is removed as an inert compound as fast 
as it is formed, then the N2O can be quantitatively converted into nitrogen 
plus the inert oxide. This can be done actually by using an electrically heated 
iron wire, and has been used as a method for determining the atomic weight of 
nitrogen.^ A similar case is the quantitative combustion of hydrogen by means 
of an excess of NaO at low temperatures in the presence of palladium-black, 
according to the reaction 

H2+N2O-H2O+N2. 


The fact that low results are often obtained when N2O is determined by 
explosion with excess hydrogen simply means that the combustion is not com- 
plete in these cases, because N2O burns relatively slowly. The formation of 
small amounts of ammonia would be expected. It is therefore not surprising 
that Kemp often obtained a positive test with Nessler^s i^olution on the residual 
gases from a combustion. His “deep yellow color would probably not corre- 
spond to more than o.i mg. of nitrogen which, in itself, would introduce an 
almost negligible error in his results. 

Thus the results of all the different workers with the exception of those of 
Kemp, who obtained “discordant’’ results by slow-combustion with hydrogen 
using a red-hot platinum spiral, can be explained on the basis of modern 



Fig. 2 

Apparatus for the Preparation of 
Pure Nitrous Oxide. 


theory. Kemp’s unsatisfactory results 
were probably due to impurities in the 
hydrogen or the nitrous oxide, to leakage 
or to other factors of which he did not 
take account. 

In this laboratory it has been found 
that entirely satisfactory quantitative 
slow-combustions of nitrous oxide can be 
made with an excess of hydrogen, using 
a red-hot platinum spiral.® Pure nitrous 
oxide was prepared by the method of 
Victor Meyer^, by allowing a fairly 
concentrated solution of pure sodium 
nitrite contained in the separatory funnel 
A, Fig. 2, to drop slowly on a concentrated 
hydroxylamine sulfate solution in B, 
causing nitrous oxide to be evolved : 


2NaN02+(NH20H)2H2S04=Na2S04+2N20+4H20. 


^ Guye and Bogdan: Compt. rend., 138 , 1494 (1904); Jaquerod and Bogdan; ibid, 
139 , 49 (1904). 

* Montemartini : Accad. real. Lincei, 7 , II, 219; through J. Chem. Soc., 64 II, 113 

(1893). 

* Mr. George W. Jones, who is in charge of the gas laboratory of the U. S. Bureau of 
Mines Experiment Station at Pittsburgh, Pa., has told me that he also has found this method 
satisfactory. 

* Meyer: Ann., 175 , 141 (1875). 
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The N 2 O passed over into D where it was collected ovi^r water saturated with 
it. Air was thoroughly washed out of the apparatus by successive portions 
of N 2 O before collecting any of the gas for use. The rate of addition of 
sodium nitrite solution was such that the solution in B, which was shaken 
during the addition of the nitrite, became only barely warm. 

The preparation of pure sodium nitrite solution involved the intermediate 
preparation of silver nitrite. Five grams of C. P. NaNOi were dissolved in 
about 50 cc. of distilled water, and this was added slowly, with stirring, to a 
solution of 10 grams of AgNOa in 50 cc. of water, both solutions being made 
with cold water and used as soon as prepared. The precipitated AgN02 was 
filtered by suction, washed once with ice-cold distilled water to remove the 
excess NaN02, and then transferred to a beaker. A solution of 4 grams of 



Fm. 3 


Apparatus for the Analysis of Gaseous Mixtures of NO2, NO, N^O, and N2, 
snowing the way in which known amounts of the gases were introduced 
in order to test the accuracy of the method. 


(\ P. Na (-1 (this is a small excess) in 25 cc. of water was added to the precipi- 
tate with stirring, thus converting the AgN02 into AgC'l, and forming pure 
NaN02 in solution, together with the slight excess of Na(^l which does no 
harm. This solution was filtered and placed in A. The solution in B was a 
strong solution of Kahlbaum’s hydroxylaminc sulfate. This method gives 
pure N 2 O, and has been used for the preparation of pure gas for density deter- 
minations and for atomic weight work.^ 

The combustions were carried out in the apparatus shown in Fig. 3, from 
N to T, and the manipulation was as is described in detail for the combustion 
of the residual gas from an actual run (p. 559), except that the sample of 
purified hydrogen was measured and transferred to the combustion pipette 
and then the pure N 2 O was introduced at P into the gas burette. The first 

^Guye and Bogdan: Compt. lend., 138 , 1494 (1904): Jaquerod and Bogdan: 139 , 
49 (1904)- 
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5 cc. of the N2O were used to wash the hydrogen out of the capillary, and were 
vented to the air out through the stopcock attached to N. The sample used 
for combustion was then drawn into the burette and measured. In calculating 
the results, the volume of the capillary (0.2 cc.) which contained N2O and not 
H2, was subtracted from the volume of the hydrogen actually measured in the 

burette, and was added to the measured 
volume of N2O. The corrected results 
are given in Table I. 

(d) Nitrogen 

The pi^eparation and determination 
of nitrogen f)resents no difficulties in this 
work. It was very simply prepared by 
shaking an air sample with alkaline 
pyrogallol solution in a double Hernpel 
absorption pipette until the oxygen was 
completely removed from the air. The 
analysis for nitrogen is made by collect- 
ing and measuring it together with the 
nitrous oxide, determining the nitrous 
oxide by combustion with hydrogen, 
and calculating the nitrogen by difference. 

2. The Analysis of Gaseous Mixtures 
of NO2, NO, N2O and N2. 

The apparatus developed for th(‘ 
analysis of gaseous mixtures of NO2, NO, 
N2O and No, is shown in Fig. 3. These 
gases are conveyed with pure carbon 
dioxide obtained by allowing C02-snow to evaporate. The snow is contained 
in a i-liter unsilvered Dewar flask surrounded with a cotton jacket, shown at 



Fig. 3a 

Ileaction Bottle for carrying out Be- 
ductions of Nitric Acid (in use this 
is substituted for E, F, and G in Fig.3). 


Table I 

The Analysis of Pure N2O by Slow-Combustion with Hydrogen. 


Determination No. 

Pure Hz taken, cc. 

” NzO ” ” 

Total volume, cc. 

1 

66.8 

19.6 

86.4 

2 

68.8 

25-7 

945 

3 

51. 8 

14.8 

66.6 

After ist bum, cc. 

” and ” ” 

” 3rd ” ” 

68.1 

66.9 

66.9 

69.8 

68.8 

68.8 

53.0 

51.8 

51.8 

N*0 found, cc. 

Error, cc. 


19-5 

— 0. 1 


25.7 

0.0 


14.8 

0.0 
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A. B is a bottle filled with mercury, which rojrulates th(‘ pressure on the sys- 
tem, and through which the excess carbon dioxide escapes. The glass spirals 
D and K are introduced to obtain flexibility in making the joints, which are 
mostly of the cup and cone variety, and are sealed gas-tight with DeKhotiiisky 
cement. E and F serve to introduce known amounts of the gases. The ab- 
sorption train proper starts at bottle H, which contains concentrated sulfuric 
acid for absorbing NOi (and NO in the presence of NO2) and is fitted with a 
by-pass I. Bottle J contains concentrated H2S04 — HN03 reagent to absorb 
NO. M has a capacity of about 250 ce. and contains 20% NaOII solution for 
absorbing the carbon dioxide wash gas. The N2O and N2 collect in the top of 
this tube. The rest of the apparatus serves for the analysis of the residual gas 
(i.e., the N2O and N2) after the ^‘run’' is completed, and consists of a 100 cc 
water-jacketed burette O, a capillary water manometer N, and a Dennis 
slow-combustion pipette R, fitted with a variable resistance S and air-cooling 
di'vice T. An electrolytic hydrogen generator is permanently connected at Q. 

Any impurities introduced by the carbon dioxide will collect over the sod- 
ium hydroxide solution and introduce an error in the results of analysis of th(‘ 
residual gas. Preliminary experiments showed that CO2 taken direct from 
ordinary tanks would not be of sufficient purity to s(n*ve. Dr. A. M. Erskiiu* 
working in Prof. A. W. Browne^s lalxiratory at Cornell, used C02-snow suc- 
cessfully as a source of pure gas, and his scheme was adopted and found satis- 
factory. A few experiments were made with carbon dioxide generatetl by the 
Bradley and Hale method* from the reaction betwc'en sodium bicarbonate and 
concentrated sulfuric acid, but it was found that the excess trouble and time 
required to operate their apparatus more than overbalanced any possible 
advantage due to slightly greater ('(>2 purity. The average impurity in the 
gas from (X)2-snow was less than 1 [lart in 10,000 and was apparently nitrogcui 
which was adsorbed on the snow itself. 

The absorption bottles II and J have a capacity of 100- 150 cc., and are of 
special design in order to overcome difficulties experienced with the ordinary, 
non-circulating type of Friedrichs^ bottles-* which are available in this labora- 
tory, but which fail to circulate the liquid adequately. In the ordinary Fried- 
l ichs^ bottles, the spiral is made of thin glass, the inside of which serves as the 
gas inlet and contains a series of deep V-shaped grooves from which the air or 
gas is only slowly displaced. The new bottles,* shown in detail in Fig. 4, 
have proven entirely satisfactory. A straight gas-inlet tube was sealed on in 
place of the spiral, the spiral itself was cut off straight across the top and 
the bottom, and was slid over this inlet tube, and the bottom end of the 
tube was turned up to hold the spiral on. When this bottle is in use thc' 
spiral is completely submerged in the liquid which circulates continuously 
up with the gas between the spiral and the inside of the bottle, and then 

* Bradley and Hale: J. Am. Chem. Soc., 30 , IC90 (1908). 

* Friedrichs: Z. anal. Chem., 50 , 175 (1911). 

® Patent application has been filed covering the new features of these bottles. 
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down between the spiral and the central tube. There can be no trapping of 
the gas because the inside tube through which the gas enters is perfectly 
straight. The tops of these bottles are accurately ground and are ''sealed'' 
by moistening the ground surfaces with a tiny drop of concentrated sulfuric 
acid. The bottles are held together against the gas pressure by twisted 
copper wire and rubber band, as shown in Fig. 4. Tests showed that one of 
these special bottles filled with reagent gave complete absorption of NOs 
or NO under all conditions of use in the apparatus. 

Before starting a run, portions of the acid are measured into the dry ab- 
sorption bottles with a 50 cc. pipette. This will not deliver quite 50 cc. of 

cone. H2SO4, but after the run is over, 
a 25 cc. pipette is used to measure out 
aliquots of the acid for analysis, and 
the ratio of acid delivered by the 50 
and 25 cc. pipettes is 2:1 within i or 2 
parts in 1000, which is satisfactory. A 
10 cc. pipette was sometimes used 
after the run, and it was found that 
the ratio of acid delivered by the 50 
and TO cc. pipettes was 5.02:1, and 
this ratio was applied in the calcu- 
lations. 

After the run, the nitrous nitrogen 
in the acid from each bottle is deter- 
mined by a permanganate titration. 
It is not possible to dilute the acid and 
titrate it directly because such 
procedure would result in a loss of NO 
set free when the N OH SO 4 is destroyed 
by dilution with water, and also 
because the permanganate end point 

Tiyf j j L i, .1 is not sharp under these conditions. It 

I he Modinea, Spiral, V ashing-Bottie. . . - 

IS satisfactory, however, to dilute a 

measured, excess volume of the standard KMn04 solution with a very 

large amount of water (say 800 cc.) and then add a pipette of the acid with 

stirring, keeping the tip of the fripette submerged during the addition. An 

(‘xcess of permanganate should always be present. If oxides of manganese 

precipitate, another determination should be made, adding 10 cc. of syrupy 

phosphoric acid to the diluted permanganate in order to prevent this 

decomposition. A measured volume of standard ferrous sulfate solution, 

which should be of slightly greater strength than the permanganate and should 

contain free sulfuric acid, is then added and the excess back-titrated with 

piermanganate. A blank determination on a pipette of pure cone. H2SO4 is 

made in exactly the same way, using the same volume of ferrous sulfate, and 

the difference between the determination and the blank represents fierman- 
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ganate used in oxidizing the nitrous nitrogen in th(* sample. The blank will 
not, in general, have quite the same value as a direct comparison of the per- 
manganate and ferrous sulfate made in the usual way, because the addition of 
the concentrated sulfuric acid will decompose a small amount of the perman-^ 
ganate, but should not deposit visible oxides of manganese. 



Fig. 5 shows the nitrometer used for determining the total nitrogen col- 
lected in the sulfuric acid of the first absorption bottle. C is a tube of about 
125 cc. capacity in which the reaction with the mercury takes place. The cup 
E has a capacity of about 10 cc., and is used for introducing the sample. The 
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cock B is used for draining out the spent acid at the end of a determination. 
H is a 50 cc. gas burette graduated in o.i cc. and calibrated from the point F 
to contain gas over a water meniscus. J is a tube for bubbling agitating air 
through the water jacket. M is a capillary water manometer. 

The first determinations of the total nitrogen in the sulfuric acid from the 
first absorption bottle were not satisfactory. This could be ascribed to several 
causes: 

1. The acid was saturated with carbon dioxide which was washed out in 
the nitrometer by the liberated NO, giving high results. Attempts to remove 
the CO2 by evacuation were unsuccessful because a poor vacuum did not re- 
move all the CO2, while a good one removed some of the nitric acid too. The 
difficulty was overcome by placing i cc. of 10% NaOH solution over the mer- 
cury in the nitrometer burette, and then passing the gases slowly back and 
forth five or six times between the tube and the burette before measuring the 
volume of the NO. This serves to absorb the CO2 completely. Tests showed 
that the volume of NO absorbed under these conditions could not be detected 
i.e., was less than 0.03 cc. The 10% NaOH solution has a vapor pressure 
which averages about t mm. less than pure water at room temperature, and 
this should be taken into account when calculating the aqueous tension in th(‘ 
gas. 

2. The results were irregular due to the variable solubility of NO in con- 
centrated H2SO4 containing different amounts of Hg2S04. Tower has shown* 
that concentrated sulfuric acid should not be used for nitrometer determina- 
tions because nitric oxide is not only much more soluble in it than in slightly 
diluted acid, but its solubility is variable, depending on the amount of dis- 
solved mercurous sulfate, which may be considerable in the concentrated 
acid. Acid weaker than 90% gives satisfactory results because Hg2S04 is not 
sufficiently soluble in it to affect the solubility of the NO. A constant cor- 
rection for the solubility of the NO in the acid can then be introduced. 

An attempt was made to use 87% sulfuric acid as the absorbent for nitrogen 
peroxide, but it failed because the solution rapidly lost nitric acid. This would 
be expected because Saposchnikow has shown^ that dissolved nitric acid in 
sulfuric acid weaker than 90%, exerts an appreciable vapor pressure. 

This trouble was finally avoided by using concentrated (95%) sulfuric acid 
as the absorbent, taking pains to protect it even from water vapor in the 
air, but washing the sample into the tube of the nitrometer with 5 cc. of dilute 
sulfuric acid of such strength that when mixed with the sample the final acid 
has a strength of 88% H2SO4. For a 25 cc. sample the proper strength of 
dilute acid is prepared by mixing 100 cc. of cone. (95%) H2SO4 with 243 cc. of 
water, and cooling to room temperature. 

The constant correction for the solubility of NO in the sulfuric acid can be 
calculated from Tower's data, which indicates that 0.0193 cc. of NO will dis- 
solve in 1 cc, of 90% H2SO4 at 18° C. and 760 mm. of NO pressure. This gives 

1 Tower: Z. anorg. Chem., 50 , 382 (1906). 

* Saposchnikow: Z. phys. Chem., 49 , 699 (1904); 53, 226 (1905). 
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0.58 cc. as the solubility correction for a 25 cc, sample with 5 cc. of wash acid. 
Actual dctcmiinations, using known weights of twice-crystallized C, P. KNO^, 
were made in order to check this, because it was thought that the heat liber- 
ated in the nitrometer might be sufficient to change it appi-cciably. It was 
found, however, that the volume of NO produced, as compared to that cal- 
culated from the weight of KNOa taken, from several determinations gave an 
average of almost exactly Tower^s figure, wdiich is therefore assumed to be 
correct for this work. 

3. The capillary water manometer shown at M in Fig. 5, is used as a deli- 
cate indicator of the proper adjustment of the mercury bulb I for bringing th(' 
NO in the burette to exactly atmospheric pressure. However, the capillary 
tube KG contains air, and when the stopcock G is turned so as to open into 
this capillary, a little of the NO in the biindte is oxidized to NO2 by the oxygt'ii 
in this air; the NOo is absorbed by the caustic solution in the burette, and a 
diminution in volume occurs, causing appreciable error. This is avoided by 
filling the capillary with nitrogen just Ix^fore starting each determination. 

The nitrometer is prepared for use by filling the tubes between C and H 
with mercury, and bringing the mercury just through th(‘ stojicock into thc^ 
cup E. A funnel is attached at K, the bulb I is raist'd until the mercury in the 
bun'tte comes up into the funnel, a few cubic centimeters of ^ NaOH solu- 
tion are poured in and the bulb lowered until about i (;c. of the (‘austic solution 
has been drawn into the capillary and burette, after which the screw clamp on 
the burette hose is closed, the excess caustic poured out of the funned, and thc' 
latter removed. A source* e)f oxygem-free* nitrogen is attacheel at K, abemt 5 cc. 
of nitrogen are slowly drawn into the buredte (regulating with the screw clamp) 
anel the* nitrogen source is them remewed. This nitrogen is slowly forcenl out of 
the burette until the level of the caustic comes just to the bottom of the steip- 
e*ock G; then all the cocks are closed. 

The ae;id sample is d(*liv(*red from a pipedte into the cup K, and simultane*- 
ously is drawn into the tube G, without getting any air in with it. The cup is 
washed with two 2.5 cc. portiems of elilute sulfuric acid e)f the projier strength, 
and the tube is vigorously shaken, continuing the shaking for a minute after 
action seems to have ceased. The evolved gas is passed slowly back and forth 
between the burette and the tube about six times, and then the acid is (*are- 
fully drawn up to the point, F, and the stopcock G is closed. The mercury in 
the burette is leveled as closely as possible with the bulb I, and then final ad- 
justment to atmospheric pressure is made by means of the capillaiy water 
manometer M, and the volume of the NO is read immediately. 

The apparatus is cleaned by venting the NO out through K, sucking a 
sample of air into the burette and jmshing the acid out of the capillary with 
part, of it. The cock D is turned so as to open to the air, the mercury from 
the tube C is drawn into the bulb A, and the spent acid is run out through 
the cock B. The bure^tte and the tube are then washed with successive 
portions of water introduced at K. It has been found advisable to use a 
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atiUp^t vaseline-paraffin grease (without any rubber in it) for the stopcodk O, 
which comes in contact with the caustic solution. 

The relative amounts of NOj and NO absorbed in the first bottle are found 
from the analytical data as follows: 

Let A = total nitrogen found in the first bottle. 

B= nitrous ” " ” ” ” ” . 

xx nitrogen in the NO2 absorbed. 

y« » » ” N2O, ” . 

Then, from the reactions which take place on absorption of the gases (pages 
545 and S47) 

A=x+y. B = (o.s)x+y. 

Therefore: 

NO* absorbed = ^f-x +-^y =* (.V28s)x+ (i.642)y. 

2N 2N 

NO 

NO absorbed = — y = (i.o7i)y. 

2N 

The total NO is the sum of that found by this calculation and that found in 
the second absorption bottle. 

The by-pass I on the first absorption bottle (Fig. 3) is used only in cases 
where it is desired to analyse for nitrous acid by decomposing it completely, 
and discussion of the use of the by-paas will therefore be postponed until 
nitrous acid is considered further on in this paper. 

Before beginning a run, it is necessary to pass carbon dioxide through the 
completely assembled apparatus (which must be tested each time to be sure 
that it is gas-tight) for about two hours in order to eliminate air. During this 
preliminary washing the gas is vented through the cock L. A purity test is 
made then by collecting the residual gas over the caustic solution for a definite 
short period of time (say three minutes) at a constant rate governed by the 
rate of absorption of the carbon dioxide and determined by closing the screw- 
clamp at the bottom of the tube M when the level of the caustic solution has 
been brought by the carbon dioxide stream to the point shown in Fig. 3. At 
the end of this time, the stopcock between K and M is closed, the screw-clamp 
is opened, and the approximate volume of the unabsorbed gas residue is 
estimated. When successive determinations show that this has reached a 
value wliich has been previously found satisfactory, the run is begun. 

Nitrogen is only very slightly soluble in the absorbing liquids used, and a 
given volume of it can therefore be washed through with the carbon dioxide 
stream without appreciable loss. Nitrous oxide, on the other hand, is very 
soluble and even after maintaining the carbon dioxide stream for three hours 
(which was chosen as the proper period of time for operation) it is necessary 
to add 2 mg. to the weight of the N*0 fouiul in order to correct for N *0 which 
is not washed out of solution in the absorbing liquids. This marks the ap- 
proximate limit of sensitivity (rf the method for N* 0 . It is also necessary to 
correct the volume of the residual gas for 0.7 cc. of nitrogen, which represents 
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the volume of the impurity in the carbon dioxide passed through for three 
hours at a rate corresponding to 60-70 bubbles per minute in the caustic solu- 
tion during the first hour, and 90-100 during the second and third (a total 
carbon dioxide volume of approximately seven liters). 

When the caustic solution is prepared, the heat generated drives practically 
all the air out, and it can be kept air-free for quite a few days in a stoppered 
bottle. During the run, if considerable amounts of residual gas tend to build 
up in M and displace the caustic solution, portions of the residual gas can be 
withdrawn from time to time into O for storage. However, before this is done 
for the first time, the capillary tube between M and 0 should be evacuated by 
using the mercury in 0 as a pump. At the end of a run, it was originally 
thought necessary to evacuate the space over the caustic solution in order to 
pump out the nitrous oxide, but this was found useless because no appreciable 
amounts remained dissolved in the caustic solution. The rate of solution of 
nitrous oxide in the caustic solution is very slow, and it is therefore possible to 
take the residual gas immediately at the end of a run and remove all the carbon 
dioxide from it without absorbing appreciable amounts of N2O, by passing it 
between M and 0 with intemiediate short periods of rest in M. The volume 
of the residual gas is then measured in O, using the capillary water manometer 
N to aid in bringing it exactly to atmospheric pressure. The total volume read 
in the burette must, of course, be corrected for the volume of the capillary bi'- 
tween M and 0 . 

The analysis of the residual gas is carried out as follows: — The residual gas 
is stored in M for a few moments while a sample of hydrogen is drawn into 
the burette from Q. This is purified by passage back and forth over the red- 
hot platinum spiral in R, and about 70 cc. of it (or two and a half times the 
volume of the residual gas sample) are brought to atmospheric pressure, 
accurately measured, and then stored in the combustion pipette. About 30 
cc. of the residual gas are accurately measured at atmospheric pressure, the 
screw-clamp on the rubber hose of the burette is closed, the mercury bulb is 
raised to its highest position, the stopcocks are opened between O and R, and 
the platinum spiral is heated to a bright red. The screw-clamp is then just 
barely opened, so as to feed the sample into the hj^^drogen at an extremely slow 
rate — so slow that the movement of the mercury in 0 can only just be seen — 
and the variable resistance S is slowly increased during the addition so as not 
to overheat the glower. When the sample is all in, the gases are passed slowly 
back and forth once or twice and then measured, not by bringing them to atmos- 
pheric pressure, but simply by bringing the mercury bulb to a definite position. 
Then the gases are passed slowly a few times more over the red-hot spiral and 
the volume read again with the mercury bulb in the same position as before. 
This is repeated until no more contraction takes place on burning, after which 
the gases are brought to exactly atmospheric pressure and their volume read. 
If the thermometer or barometer has changed appreciably since the first read- 
ing, the volume is corrected to the original temperature and pressure, and the 
contraction, which is equal to the volume of the NjO present, is obtained by 
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subtraction. The relative amounts of N2O and N2 in the total residual gas 
are calculated, and the volume of the Ng is corrected for the impurity intro- 
duced by the CO2 (i.e., 0.7 cc. is subtracted). The calculated weight of the 
N2O is corrected for the weight of the N2O which could not be washed out of 
the absorbing liquids (i.e., 2.0 mg. is added). 

3. Results obtained with Knoivn Mixtures. 

In order to test the accura(\y of the methods of analysis described for 
gaseous mixtures of NO2, NO, N2O and N2, known amounts of these gases 
were taken as samples for analysis. The pure gases NO, N2O and N2 were 
measured by volume in the burette E, Fig. 3. A tiny glass bulb containing a 
weighed amount of NO2 was placed in the tube F, which rests against the 
wooden support O. The glass plunger in F was slid through the rubber hose 
until it was just in contact with the bulb. After all the air had been displaced 
from the apparatus with carbon dioxide, the bulb containing the NO2 was 
broken by a sharp blow against the glass plunger with a piece of wood. 
Known volumes of the other gases were introduced. The carbon dioxide 
stream was continued for three hours, and the analysis then completed. 

The volumetric apparatus which was used, was either certified by the 
Bureau of Standards, or met their specifications' and wslh calibrated in this 
laboratory. The analytical weights were checked to 0.2 mg. by comparison 
with standards: the thermometers were selected so as to check to within o.2®C. 
with a standard thermometer over the range used. The gas burettes wen? all 
supplied with water jackets containing a thermometer and a tube for admit- 
ting air for agitation. Atmospheric pressures were determined by means of a 
standard, high-grade mercurial barometer fitted with a vernier, and the read- 
ings were coirected to o°C. The permanganate solution used for the deter- 
mination of nitrous nitrogen in the sulfuric acid from the absorption bottles, 
was standardized against Bureau of Standards sodium oxalate*. Gu3^e\s 
‘'most probable^’ values for the weight of one liter of dry NO, N2O and N2 at 
N. T. P.***, were used for volume-to- weight conversion factors. 

Results are given in Table I. The accuracy of the methods indicated by 
this table has been substantiated by analyses of the gases produced by actual 
reductions of nitric acid in which known amounts of reducing agents were 
employed. 

III. Analytical Methods for Nitric Acid Solutions which may contain 
Strongly-Reducing Metal Salts, Ammonium Salts, and Nitrous 
Acid or Hydroxylamine and Hydrazine Salts. 

When a dilute solution of free nitric acid is partially reduced and the gases 
formed are washed out by means of a stream of carbon dioxide, what products 
may remain behind, and how may they be quantitatively determined? 

' Bureau of Standards Scientific Paper No. 92, “The Tenting of Glasn Volumetric 
Ap})aratus’^ by Osborne and Veazey (1908). 

® Bureau of Standards Scientific Paper No. 182, “Standardization of Potassium 
Permanganate Solutions by Sodium Oxalate'’, by R. S. McBride (1912). 

Kiuye: J. Am. Chem. Soc., 30 , 155 (1908). 
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It is reasonably certain that no analyses need be made for nitrohydroxyl- 
amic acid, for hyponitrous acid, or for nitramide, because these substances are 
unstable and, while they might be formed in extremely low concentrations as 
transitional products, they would hardly be present in detectable amounts at 
the end of the reaction. 

Nitroiis acid is somewhat unstable: 

3HN02:f=t2N0+HN0a+H20. 

and its rate of elimination from solution depends largely on physical factors^ 
The amount of nitrous acid present after passing carbon dioxide through a 
solution for three hours, depends mainly on the temperature. Qualitative 
experiments in this laboratory showed that considerable HNO2 remained after 
bubbling gas through a solution at room temperature for a long time, and there- 
fore an analysis must be made for nitrous acid in the residual solution from a 
reduction experiment in which nitric oxide is found as one of the reduction 
products, unless the solution has been heated to nearly loo^C. for an hour or 
so, while a moderately rapid stream of inert gas is being passed through. Only 
under these latter conditions is nitrous acid positively eliminated. 

Nitrous acid is a reactive substance, w’hich may act either as an oxidizing 
or a reducing agent. Hydroxylamine and hydrazine are rapidl}*^ decomposed 
by HNO2 solutions. For hydroxylamine the reaction takes place mainly with 
the elimination of N20:2 

NH20H+HN02=H2N202+H20 and H2N2O2-N2O+H2O. 

With hydrazine in acid solution, the nitrous acid may form N2, NoO, HN3, or 
NH3.* Therefore, when nitrous acid is one of the chief reduction products of 
the nitric acid solution under a definite set of conditions, hydroxylamine or 
hydrazine will not be present in the solution in appreciable amounts. 

W^hen reduction is carried out by “ous’' metallic salts, and the reaction 
takes place rather slowly so that the solution contains both nitric acid and 
unoxidized salt, it is not probable that much HNO2 will be present, because of 
the relative instability of nitrous acid as compared to nitric acid, and the con- 
sequent more rapid reduction of the nitrous acid by the ^‘ous’^ salt. 

It is therefore apparent that analytical methods should be given for solu- 
tions of free nitric acid containing ammonium salts, strongly-reducing metal 
salts, and nitrous acid or salts of hydroxylamine and hydrazine'*. 

^ Knox and Reid: J. Soc. Chem. lnd., 38 , 105 {1919). 

2 Meyer; Ann., 175 , 141 (1875); Wislicenus: Ber., 26 , 771 (1893); Tanatar: J. Russ. 
Chem. Soc,, 25 , 342 (1893); Ber., 27 , 187 (1894); and Cianguli: J. Chem. Soc., 91 , 
1866 (1907). 

* See Browne and Overman: J, Am, Chem. Soc., 38 , 298 (1916). 

* Hydronitric acid is not considered in this discussion except to determine its effect 
on certain of the analyses for other compounds. It is probable that hydronitric acid would 
be obtained through the intermediate formation of hydrazine, and hydrazine has not as yet 
to my knowledge been found among the reduction products of free nitric acid, so this does 
not seem to be a serious omission. Furthermore HN3 does not inffuence appreciably the 
accuracy of any of the analytical methods to be described, and therefore if complete analyses 
are made for everything else except HN *, and stiU the total recovery falls considerably short, 
of 100% of the reducing agent used, an indication of the presence of hydronitric acid will be 
obtained which then can be investigated. 
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In choosing methods for the analysis of those solutions, only those have 
been considered which can be carried out in an acid solution directly, or which 
depend on the destruction of the active materials the moment the solution is 
made alkaline. This should be the case, because in a basic solution new reac- 
tions may occur, even though the reagents be considerably diluted, producing 
new products and destroying the accuracy of the methods. 

1. The Determmation of Ammonium Salts, 

This is carried out practically b}" the method of Sulei^ (-opper sulfate 
solution is added to the diluted sample in about ioo% excess of the amount 
which will be necessary to destroy' the hydroxylamine, hydrazine, and reducing 
metal salts (using Suds a« an example) when the solution is made alkaline. 
The simplified reactions will be : 

2NH20H+4CuO = 2CU2O+N2O+3H2O 
N2H4+4C'u() = 2CU2O+N2+ 2H2O 
SnO+4CuO = 2Cu20+Sn02 

An excess of strong sodium hydroxide solution is then added and the lilxjrated 
ammonia is steam-distilled into N, lo acid, according to a regular Kjeldahl 
procedure. After about 50-100 cc. of distillate have been collected, sufficient 
sodium sulfide solution to completely precipitate as sulfide all the copper and 
other heavy metals present is added through a separatory funnel in the stopper 
of the flask containing the alkaline liquid. About loo cc. more is then dis- 
tilled over before titrating the excess standard acid with N/io sodium hydi'ox- 
ide and methyl red indicator. The addition of Na^S was found to be a neces- 
sary modification of Suler\s directions in order to make the method accurate 
in the presence of certain heavy metal salts, notably those of tin. Without it, 
ammonia tends to be held back in these cases, and the results are low. The 
sulfide must not be added with the caustic solution, because the destruction of 
hydroxylamine does not take place then according to the reaction given above, 
but some of it goes to ammonia. A blank is run to determine the ammonia in 
the reagents, which is deducted in order to obtain the correct amount of am- 
monia in the sample. 

A few experimental results are given in Table VI, page 530, together with 
results for hydroxylamine. The distillation results in exfieriments loa, lob, 
iia, and iib, made for hydroxylamine and given in Table V, page 500, show 
the effect of adding sodium sulfide solution. Experiment 12, Table V, shows 
that the Na2S must not be added with the caustic soda. 

2. The Determmation of Salts of Hydroxylamine, 

Considerable work was necessary before a satisfactory method for this 
determination was found. It was originally thought that the answer consisted 
in finding an oxidizing agent stronger than nitric acid (so as not to reduce 
nitric acid) which would quantitatively oxidize salts of hydroxylamine to a 
definite product (either N2O or HNOa) in acid solution, without attacking 


‘ Suler: Z. Elektrochemie, 7, 839 (1901). 
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ammonium salts. However, such a reagent could not be found. Permanga- 
nate and dichromate oxidize it to more than one product, and the reactions 
are neither definite nor quantitative^ Neither HCIO3, HIO3, nor H2O2 in 
dilute acid solutions, act with sufficient speed to*be of value. Oxidation to 
nitric acid using a potassium bromate-bromide solution or hypobromite 
solution^ requires careful regulation of the acidity of the solution in order to 
get the reaction approximately completed in the specified time: att-empts to 
use buffers, such as sodium bicarbonate or acid phosphate, for solutions con- 
taining varying amounts of strong acids, were unsuccessful. Heating the 
solution under pressure completes the reaction, but also partially oxidizes 
ammonium salts. Out of thirty quantitative experiments made with known 
amounts of hydroxylamine, under conditions similar to those met with nitric 
acid solutions, and allowed to stand with the oxidizing solution for varying 
lengths of time up to t6 hours, not one gave more than 99% of the hydroxylam- 
ine taken, and njost of them were irregular and 3-4% low. It would seem that 
the primary reaction is rather a slow one, and that side reactions are likely to 
occur. 

In the complete absence of ammonium salts, quantitative results were ob- 
tained by oxidation to nitric acid using a solution of sodium hypochlorite, 
through a considerable range of varying acidity. This method consists in 
placing a measured volume (about 25-50% excess) of slightly alkaline NaClO 
solution in an iodine flask (ground glass stopper and funnel top) diluting to 
about 100 cc. and then adding the hydroxylamine salt solution, which must 
contain more than enough acid to eventually neutralize the hypochlorite, 
from a pip(»tte with the tip below the surface of the liquid. The acid solution 
separates out as a second layer below the hypochlorite, and no chlorine is lost. 
The flask is stoppered and swirled, and after five minutes is cooled under tap 
water, an excess potassium iodide solution is sucked in around the stopper 
without allowing chlorine to escape, the flask is shaken, and the liberated 
iodine titrated at once with standard thiosulfate. A blank determination 
gives the strength of the hypochlorite, and the chlorine consumed in oxidizing 
the hydroxylamine (and also the strongly-reducing metal salts, if present) 
is calculated by difference. 

However, the presence of ammonium salts interferes with this method. 
The ammonium ion either prevents the quantitative oxidation of hydroxylam- 
ine in cold solutions, or is itself partially oxidized if the solution is heated. 
Table III gives some of the experimental results obtained, and shows the bad 
effect of ammonium salts. The hydroxylamine solution was made from special- 
ly purified, ammonium-free hydroxylamine hydrochloride. The hypochlorite 

^ Knorre and Arndt: Ber., 33 , 30 (1900); Ilaschig: Ann., 241 , 16S (1887); Z. angew. 
Chexn., 17 , 1411 (1904); Simon: Compt. rend., 140 » 6^ (1905). Extensive experiments in 
this laboratory failed to show any conditions under which these reactions would go to one 
quantitative end product. 

*Rupp and Maeder: Arch. Pharm., 251 , 295 (1913); through Chem. Abs., 7, 3727 

(1913)* 
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method was finally abandoned as a general method for this work because of 
its failure in the presence of ammonium salts. 

The true amounts of hydroxylamine salts present in the pure solutions 
taken, were determined by the ferric salt method, which has been shown to be 
correct when properly carried out^ Some of the first attempts in this labora- 
tory to use this method produced discordant results. Investigation of the 
cause emphasized how sensitive the method is to changes in the dilution and 
in the amounts of ferric sulfate and acid present. Results of titrations for a 
solution made by dissolving pure hydroxylamine hydrochloride in i .*3 sulfuric 
acid, are given in Table IV. The last two results in this table represent en- 
tirely satisfactory determinations. Experiments numbered i to 6 failed main- 
ly because the acid concentration was too high. In experiments 7 and 8 the 
acid concentration was all right, and the amount of ferric sulfate would have 
l>een all right if the total volume of the solution had been smaller, but the 
volume of the solution was sufficiently large to reduce the concentration of the 
ferric sulfate to a value which did not give complete reaction, even with twenty 
minutes of boiling. The influence of concentration of both sulfuric acid and 
ferric sulfate is thus illustrated. 

The directions for this determination given in Treadwell-HalP call for the 
equivalent of 3.5 gm. of sulfuric acid, and 5.0 gm. of Fe2(S04)3, but do not 
specify the final volume of the solution. If it be assumed that application of 
the directions would usually result in about 70 cc, of solution, then the concen- 
tration would be about 5 gm. of H2SO4 and 7 gm. of Fe2(S04)3 per 100 cc, 
Bray and his collaborators used a solution containing 8.8 gm. of acid and 1.42 
gm. of ferric sulfate in 90 cc.; or 9.8 gm. H2SO4 and 1.58 gm. Fe2(S04)3 per 
TOO cc. It would appear that the excess of ferric sulfate advocated by Tread- 
well-Hall is unnecessarily large. 

Consideration of these facts suggests that the following directions be used 
for carrying out the determinat ion of hydroxylamine by the ferric salt method : 

To a solution (in a 500 cc. Erlenmeyer flask) containing the equivalent of 
about 0,05 gm. of NH2OH, add dilute sulfuric acid, and then ferric sulfate 
solution, or ferric alum solution, until at least 2 gms. of Fe2(S04)3 are present 
and the concentration of the final mixture corresponds to 8 grams of H2SO4 
and 3 grams of Fe2(S04)8 per loo cc. of solution. Heat to boiling and boil 
vigorously for 5 to 10 minutes. Cool, dilute to about 200 to 300 cc. and titrate 
with N/io permanganate solution. Run a blank on the reagents and subtract 
this from the value found in order to get the volume of the |)ermanganate 
equivalent to the hydroxylamine. 

The method which was finally developed for the quantitative determina- 
tion of hydroxylamine salts in nitric acid solutions containing ammonium 
salts, is based on the reduction of hydroxylamine salts to ammonium salts by 

* Bray, Simpson and MacKenzie: J. Am. Chem. Soc., 41 , 1363 (1919). Obviously 
this method cannot be used in the presence of nitric acid, because hot nitric acid solutions 
oxidize ferrous sulfate. 

* Treadwell-Hall : ^^Analytical Chemi8try^\ Vol. II, 631 (1915). 



‘ rerric sulfate added m the form of ammonium-iron alum. 

Note: In the first four experiments, the amoimts of H2SO4 and Fe2(B04>a taken were as given, but the importance of the concentration 
of the solution was not realized, and small variable amounts of wash water were added. This is indicated by (-+-) for the total 
volume of the solution, and f — ) for the other constituents. The boiling time ran over five minutes in some of these cases. 
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means of a titanous salt in acid solution. Titanous salts were first used in 
quantitative work by Knecht and Hibbert^* Staler® showed that the^'^ would 
reduce hydroxylamine to ammonium salts, which could then be determined 
by distillation ; and Bray® and his collaborators have shown recently that titra- 
tion of hydroxylamine salts with standard titanous salt solution gives quanti- 
tative results. 

The present work consisted in finding the conditions under which hydrox- 
ylamine salts could be quantitatively reduced to ammonium salts, without 
reducing nitric acid appreciably. When fii*st attempted, this seemed almost 
impossible, but it was found that when the reduction is carried out in a solu- 
tion heavily buffered with mono-sodium di-acid phosphate, and therefore 
containing H3PO4 as the chief free acid, the reduction of nitric acid takes place 
at such a low relative velocity that the results correspond to quantitative re- 
duction of the hydroxylamine to ammonium salts, which can then be deter- 
mined by distillation. If the concentration of the nitric acid is relatively too 
high, nitrous acid will be formed by its reduction, and that portion of the 
hydroxylamine which has not yet been reduced to ammonia will be partially 
oxidized hy the nitrous acid and destroyed as nitrous oxide, causing less am- 
monia formation and low results. Nitric acid never seems to be reduced to 
ammonium salts at all under the conditions of this determination. The excess 
titanous salt is destroyed by the addition of copper sulfate solution, before 
adding the caustic soda and distilling out the ammonia. 

A few of the experiments by which this method was developed ai e given in 
Table V. Experiments i and 2 show that nitric acid is not reduced to ammonia 
by the titanous salt. F^xperiment 3 gives an extremely low result because 
dilute nitric acid alone is rapidly reduced to HNO2 (mainly) by TiC'ls and this 
destroys the hydroxylamine before it can be reduced to ammonia. Experi- 
ment 4 shows the beneficial effect of sulfuric acid, and experiments 5 and 6 
indicate that almost quantitative results are obtained in a solution containing 
free sulfuric acid and heavily buffered with sodium sulfate. Experiments 7, 
8 and 9 show that H3PO4 and NaH2P04 are effective for retarding the rate of 
reduction of the nitric acid to a point which permits quantitative reduction of 
NH2OH to NH3, and 9 shows that the presence of a littlf) copper ion does not 
affect the result. Experiments loa, lob, it a, and iib show' the necessity for 
using sodium sulfid in the presence of tin salts, and experiment 12 proves 
that the Na2S should not be? introduced with the caustic soda. 

The recommended method c.onsists in adding a measured volume of the 
sample to a solution containing NaH2POj in excess of the amount equivalent 
to the acid present, according to the reaction: 

NaH2P04+H(Acid):4=±Na(Acid)+H3P04. 

In practice, 100 cc. of phosphate solution (containing approximately 200 grams 
of NaH2P0.i'H20 and 10 cc. of syrupy phosphoric acid per liter) is placed in a 

’ Knecht and Hibbert: Ber., 36 , 166, 1549 (1903); 38 , 3318 (1905). 

2 Stabler: Ber., 42 , 2695 (i9r9). * 

® Bray, Simpson and MacKenzie: Loc. cit. 



^ Experiments loa and iia were made complete. Then NasS was added to the flask and more distillate was collected. This was 
titrated, and the result added to that for loa and i la. and calle<J lob and i ih. 

* This solution w^as not reduced with TiClj. The CUSO4 w^as added and then a mixture of Na^S and NaOH. 
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i-liter Florence flask and a measured volume of the sample is mixed with it. 
A 20 per cent TiCU solution, free from ammonia, is added in small portions 
with swirling until the solution is colored purple. Then about 2 cc. more is 
added in excess, the flask is covered and allowed to stand at room temperature 
for an hour, this amount of time being required because the last, portions of the 
hydroxylamine are rather slowly reduced under these conditions. A white 
precipitate is produced by the oxidized titanium. To the solution, 
which should still be purple denoting an excess of titanous salt, is added copper 
sulfate solution in excess of the amount necessary to oxidize the ''ous^' salts 
present, and the rest of the analysis is completed as described above for the 
determination of ammonia, sufficient sulfide being added in the middle of the 
distillation to precipitate the titanium as well as the copper and any other 
heavy metals which may be present. 

This method, when corrected for the ammonia in the reagents, gives the 
sum of the ammonia originally present, and that produced by the reduction of 
the hydroxylamine. The h3"droxylamine is calculated by difference between 
this determination and that of the ammonia only. 

Results of experiments with known solutions are given in Table VI. Ex- 
periments 12 and 13 indicate that the results obtained for NH2OH in the pres- 
ence of hydrazine or hydronitric acid are only very slightly high, showing that 
the method is still applicable in the presence of these substances. 

3. The Determinaiion of Salts of Hydrazim. 

It is a rather remarkable fact that hydrazine, which is a strong reducing 
agent, should be rather stable in moderately dilute nitric acid solutions. How- 
ever, quantitative experiments in this laboratory showed that a solution of 
30% nitric acid containing a little hydrazine may be heated to 9o°C. and then 
cooled again at once with an almost negligible loss of N2H4. Another such 
solution heated in a bath of boiling water for an hour showed 50% of the 
h5''drazine remaining unchanged, the rest having gone partly to hydronitric 
acid and probably also paitly to ammonium salts and other products. Sabane- 
jeff^ has made two stable nitrates of hydrazine, N2H4 HNO3 and N2H4- 
2HNO3, the first of which he heated to 300° with some volatilization, without 
decomposition; but when he heated it in a free flame it exploded. 

Thus it is apparent that if hydrazine is once formed in moderately dilute, 
cold nitric acid solutions, it is not likelj’^ to undergo decomposition unless 
nitrous acid is present, in which case it will be destroyed with the formation of 
N2, N2O, HN3 or NHa. 

Rimini* has shown that potassium iodate solution quantitatively oxidizes 
hydrazine to nitrogen. Jamieson-^ has applied to this reaction the general 
anal3diical method developed by Andrews^ for titration with standard iodate 
solutions, and has shown that it is accurate. This method is simple and rapid, 

> Sabanejeff: Z. anorg. Cheiri., 20, 24 (1899). 

> Rimini: Gazz. chim. ital., 29 , 265 (1899). 

* Jamieson: Am. J. Sci., (4) 33 , 352 (1912). 

* Andrews: J. Am. Chem. Soc., 2S, 756 (1903). 
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and experiments were made in this laboratory to determine its applicability to 
nitric acid solutions containing hydroxylamine and ammonium salts. 

The method consists in placing the sample in a 250 cc. glass stoppered 
bottle, adding water and concentrated hydrochloric acid in the proper ratio, 
and 6 cc. of chloroform, and titrating with N/io KIO3 solution with inter- 
mediate stoppering and vigorous shaking, until the pink color which develops 
in the chloroform layer, is sharply discharged at the end point. 

The first reactions which take place are : 

1 5N2H4+ 10HCI+ 10KIO3 = I 5N2+3oH2()+ 10KCI+ loHI. 
and: ioHI+2KI03+2HCl=-2KCl+6H20+6l2. 
or: i5N2H4+i2HC1+i2KI03=rsN2+36H20+i2KCl+6l2. 

In concentrated hydrochloric acid solution, a further reaction takes place: 

6 lo+i 8 HCl+ 3 KI 03 -islCl+ 9 H 20 + 3 Kn. 

The total reaction in strong hydrochloric acid solution is : 

N2H4+KIC)3+2HC1 = N2+IC1+3H20+KC1. 

When the iodine is set free at first, it dissolves in the chloroform layer and 
colors it pink. As more iodate is slowly added with shaking, the free iodine 
is oxidized to I Cl which dissolves in the aqueous layer and gives it a light 
yellow (!olor. At the end point all the free iodine is destroyed, and the pink 
color sharply disappears from the chloroform layer. 

A summary of the hydrazine experiments is given in Table \TI. When 
there is more than 50 cc. of cone. HC "1 (Sp. Gr. 1.20) per too cc. of aqueous 
solution at the end pointy the reduction of the hydrazine proceeds very slowly, 
and consequently the end point is bad and the results low unless considerable 
time is allowed for completion of the reaction before adding the last t wo or 
thi-ee drops of iodate solution. This is illustrated by experiments i and 2. 
When there is less than 50 cc. but more than 25 cc. of cone. HGl per 100 cc. 
of aqueous solution, the results are (juantitative and the end point shai'p. 
This is shown in experiments 2 and 3. When less than 25 cc. of cone. HCl is 
present per 100 cc. of aqueous solution, the results are high. The amount of 
this error increases and the end point becomes less sharp as the amount of 
hydrochloric acid is decreased. Experiments 5, 6, and 7 illustrate this effect, 
and it is evidently due to the decreased stability of iodine chloride. In experi- 
ments 8 and 9 it is shown that free sulfuric acid exerts a stabilizing effect on 
both hydrazine and iodine chloride, and therefore a smaller quantity of hydro- 
chloric acid is necessary. Experiments 10 and 11 show that small quantities 
of nitric acid, hydronitric acid, or ammonium salts do not affect the determina- 
tion. Experiments 1 2 to 1 5 show that hydroxylamine is oxidized by the iodate 
at a rate which depends on the amount of hydrochloric acid in the solution. 
With small quantities of HCl, the hydroxylamine is oxidized at such a rapid 
rate that large errors are introduced ill the determination of the hydrazine; 
but with acidities approximating the equivalent of 50 cc. of cone. HCl per 
100 cc, of aqueous solution at the end point, hydrazine may be practically 
quantitatively titrated in the presence of small amounts of hydroxylamine. 



returned. 

15 3.30 4 + +21. + 0.03 o 25 2 5 — ~ 10 47 21 None 

‘ In this experiment an approximate end point was obtained at once corresponding to 3. i mg. of N2H4. After standing 30 minutes, 
the CHCI3 was a bright pink, and this color was very sharply discharged corresponding to a total of 3.30 mg. NsHt. 
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The conclusion drawn from these experiments is that this method for the 
determination of hydrazine is j?ood. For accurate results the acidity of the 
aqueous solution should correspond to between 25 and 50 cc. of cone* HCl 
(Sp. gr. 1.20) per 100 cc. at the end point Under these conditions the method 
is quantitative in the presence of small amounts of sulfuric, nitric and hydro- 
nitric acids, and ammonium salts. The presence of other free mineral acids 
besides hydrochloric may reduce the limits for HCL Too much hydro- 
chloric acid diminishes the rate at which the hydrazine is oxidized and may 
make it impossible to get any pink color at all in the chloroform layer; too little 
hydrochloric acid produces a returning end point and high results. Hydrox- 
ylamine is oxidized by iodate in HCl solutions at a rate which depends on 
the acidity of the solution. By working at the extreme permissible upper 
limit of HCl concentration, it is possible to determine hydrazine with prac- 
tically quantitative accuracy in the presence of small amounts of hydroxylam- 
ine, but with lower acidities the results for hydrazine wiU be too high. No 
pink color is developed in the chloroform layer if an attempt is made to 
titrate a sample of dilute nitrous acid. In order to test an unknown sample 
for hydrazine (or other similar strong reducing agent) it is sometimes con- 
venient to add it to a bottle containing the residue from a previous titration 
which is at the (md point: the reducing agent causes a return of the pink color 
to the chloroform layer. 

4. The DeUrminaiion of Nitrous Acid. 

In the general discussion on pages 563 to 564 the conditions under which 
nitrous acid will remain in solution have been considered in some detail. 
Analyses for nitrous acid should be made as quickly as possible, as the quanti- 
ties present are likely to undergo rapid variation. Three possible methods of 
analysis for nitrous acid are suggested. In all cases care must be exercised in 
order to be sure that it is really nitrous acid which is being determined. 

(a) If unoxidized ‘^ous” salts are present, the nitrous acid will probably 
occur only in very small quantities which can best be determined by colori- 
metric methods. A test using meta-phenylenediamine hydrochloride, which 
develops a yellow color with nitrous acid^ has been successfully used in this 
laboratory for nitrous acid in solutions of nitric acid which were being reduced 
by ferrous sulfate at room temperature. Reduction of nitric acid by ferrous 
sulfate goes on so slowly in diluted solutions, as to have practically zero 
velocity, and it is therefore possible to prepare a comparison blank having 
practically the same concentration of reagents as the diluted sample, but con- 
taining no nitrous acid. Known amounts of standard nitrite solution (i gram 
of NaN02 per liter) are added to it. To each tube is added lo cc. of the color 
developing reagent (a solution containing 2 grams of meta-phenylenediamine 
hydrochloride per liter, made slightly acid with sulfuric acid). Small amounts 
of acid are necessary to cause the color to develop, but since these solutions 

* Preusse and Tiemann: Per., 11, 627 (1878); Veley: J, 80c. Chem. Ind., 10, 205, 212 
(1891); Phil. Trans. 182 . A, 288 (1891). 



DETKRMINATION OF REDUCTION PRODUCTS OF NITRIC ACID 


575 


already contain nitric acid, it is unnecessary to add more. The amount of acid 
present affects the strength of the color, which is one of the reasons for making 
the two tubes as nearly alike as possible. The tubes should stand for a half 
hour at room temperature before being compared. Often a turbidity develops 
which makes very accurate comparison impossible, and in this case approxi- 
mate direct dilution and comparison is more satisfactory than using a colori- 
meter, The test fails in the presence of certain salts, such as those of copper. 

The total reducing power of the solution (in the above case this is ferrous 
sulfate plus nitrous acid) may be determined by a permanganate titration 
carried out as previously described on page 5 54 for nitrous nitrogen in concen- 
trated sulfuric acid solutions. In cases where the colorimetric method des- 
cribed for nitrous acid is unsatisfactory, it maj’ be possible to estimate it color- 
imetrically using Griess reagent' (sulfanilic acid and alpha naphthylamine) 
although no experiments have been made in this connection in this laboratory. 

(b) When nitrous acid occurs in considerable quantity, strongly-reducing 
metal salts, hydroxylamine, and hydrazine are probably absent. The nitrous 
acid may then be determined by the permanganate titration method as given 
on page 554 for nitrous nitrogen in concentrated sulfuric acid solutions. The 
disadvantages of the permanganate titration method are: first, that it fails 
to distinguish between nitrous acid and other reducing substances and these 
latter, if nitrogen compounds, will probably not \w quantitatively oxidized to 
nitric acid; and second, that when applied to the residual solutions from a 
complete analysis with the afiparatus shown in the first portion of this paper, 
it fails to permit account to be taken of small amounts of nitric oxide (con- 
tinuously being lib(*rated from the idtrous acid solution) which remain in the 
free gases within the apparatus at the end of the run. 

(c) The solution containing nitrous acid may be decomposed by heating 
to nearly ioo®C\ while a moderate stream of inert gas is passed through for 
about an hour, and the nitric oxide which results from this decomposition may 
be caught in a definite volume of concentrated sulfuric acid containing a little 
nitric acid, and later titrated as previously described. Since nitrous acid enters 
into an equilibrium with nitric oxide and nitric acid, there is usually no 
advantage in distinguishing between nitrous acid and nitric oxide, as reduction 
products. In order to make it possible to apply this method of analysis together 
with the complete scheme of analysis for the gaseous products, the by-pass I, 
shown in Fig. 3, has been placed on the first absorption bottle so that the 
gases may be run directly from the bottle in which the reaction takes place 
(which is shown in Fig. 3a, and when in use is substituted for E, F and G in 
Fig. 3) into the second absorption bottle where the nitric oxide is absorbed. 
The gases are passed through the absorption train as previously described, 
for three hours, and then the reaction bottle is heated in a water bath 
(steam-heated) at 90 to 9S®C. for an hour while a moderately rapid stream 
of carbon dioxide carries the gases directly into the second absorption bottle, 

' Lu^e and Lwoff : Z. angew. Chem., 7 , 3^8 ( 1 894) , Lunge : “Tech. Methods of Chem. 
Analysis^^ (Eng. Trans, by Keane), / 377 (1908). 
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beyond which the residual carbon dioxide is vented to the air during this 
portion of the run. Cold air is blown across the top of the reaction bottle 
during this heating, in order to cool the gases down to room temperature and 
prevent them from heating the DeKhotinsky joints or carrying appreciable 
quantities of water into the sulfuric acid bottle. A plug of glass wool in the 
exit tube from the reaction bottle, filters out liquid mist. 

There is a twofold reason for passing the gases from this decomposition 
directly into the second absorption bottle. In the first place, in spite of pre- 
cautions to cool and filter the gases from the reaction bottle, a small amount of 
nitric acid would be likely to get into the first absorption bottle, and this 
would introduce an error in the analysis of nitrogen peroxide and nitric oxide. 
In the second place, a much shorter time is necessary to secure complete 
transfer of the gases into the absorbing liquid in the second bottle. 

This decomposition method for determining nitrous acid is advantageous 
except in cases for which it is not desirable to heat the nitric acid solution. 

5. The Determination of Strongly-Reducing Metal Salts, 

The analysis for strongly-reducing metal salts in the presence of nitrous 
acid has been treated in the preceding section of this paper (ferrous sulfate in 
the presence of nitrous acid, page 574). For determining strongly-reducing 
metal salts in the presence of hydroxylamine salts, advantage is taken of the 
fact that hydroxylamine is only a very weak reducing agent in a dilute' solution 
containing free mineral acid at room temperature, and it is thus possible to 
quantitatively oxidize the strongly-reducing metal salts without appreciably 
affecting small amounts of hj^droxylamine. Choosing stannous chloride as an 
example of a strongly-reducing metal salt, the acid solution is discharged into 
a i-liter Erlenmeyer flask containing a mixture of 700 cc. of water, 25 cc. of 
I :i hydrochloric acid, and a measured volume of standard iodine solution. 
The excess iodine is titrated at once with standard thiosulfate, using starch at 
the end point. The SnCU is calculated from the iodine consumed, according 
t o the reaction : 

1 2+ Sn( b-f 2HCI = SnCl4+ 2HI. 

When relatively large amounts of hydroxylamine salts are present, small 
but measurable quantities react with the iodine. For this reason a large dilu- 
tion is used so as to cut the hydroxylamine concentration dow7i to a minimum. 
The higher the acidity of the solution, the more stable is the hydroxylamine, 
and therefore considerable free hydrochloric acid is added. In some cases, it 
may be an advantage to add even more than is suggested. When a small 
amount of the hydroxylamine is decomposed, unstable nitrogen compounds 
(hyponitrous or nitrous acid) are present in sufficient concentration to act as 
oxygen carriers, and cause a slow return of the end point due to liberation of 
iodine by oxygen of the air. It is thus quite apparent that the excess iodine 
should be titrated immediately after adding the sample, and that the first end 
point reached should be taken as the most correct one. The sample should not 
be diluted and have the iodine added to it, because some oxidation by dissolved 
air is likely to take place before the iodine can be added. 



^ Stood two minutes before being titrated. 

* A different iodine solution from that used in the first experiments. 
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The magnitude of the error likely to be encountered when applying this 
method under different conditions, is shown in Table VIIL 

Hydrazine is a somewhat stronger reducing agent than hydroxylamine, 
and reduces dilute iodine solutions under these conditions more rapidly than 
hydroxylamine but at a very much slower rate than stannous salts. Should 
it ever be necessary to make a separation of hydrazine and strongly-reducing 
metal salts, it is probable that conditions in this titration could be worked out 
for it, by increasing the acidity, or cooling in an ice bath, or adding starch to 
th<‘ iodine solution before adding the sample. This last suggestion is based on 
the fact that a few experiments indicated that hydrazine salts in hydrochloric 
acid solution affected the blue starch-iodide color at a very much slower rate 
than they did free iodine in solution. In cases where metal salts which act as 
oxygen carriers, are present, it may be possible to obtain more correct results 
by working in an atmosphere of carbon dioxide, or other inert gas. The iodaie 
titration method might possibly be applied, always keeping the hydrochloric 
acid concentration considerably above that at which oxidation of hydrazine 
occurs. 

IV. Summary. 

Analytical methods have been described for the quantitative determination 
of reduction products of free nitric acid solutions: namely — nitrogen peroxide, 
nitric oxide, nitrous oxide, nitrogen, nitrous acid and salts of hydroxylamine, 
hydrazine and ammonia. A method of analysis has been given for strongly- 
reducing metal salts in the presence of nitric and other mineral acids, and salts 
of hydroxylamine and ammonia. Some of these procedures are applications 
of old methods, others arc new. An attempt has been made to give and discuss 
these methods in as general a way as possible, so as to make it feasible to apply 
them to a large number of different cases. Applications of modern physical- 
chemical theory have been made, so as to shed light on previously unrelated 
results obtained by different experimenters. 

A modified spiral gas-washing Ixittle has been devised, which is pailicularly 
adapted for quantitative work. Its advantages are: intimate contact is ob- 
tained between the gas and the liquid for a considerable period of time ; ther(‘ 
are no dead spaces to trap the gas; and th<» liquid is circulated completely and 
rapidly. 
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ON KINETIC SALT EFFECT‘ 

BY J. N. BRONSTED AND C. E. TEETER, JR. 


Primary and Secondary Salt Effect 

According to the theory, recently developed by one of the writers'*, the 
velocity of a bimolecular reaction taking place between the molecules A and 
B in dilute solution is determined by the expression : 

f»f» I 

v = kc*c„ . =ka*aBf-- (i) 

where e, a and f indicate concentration, activity and activity coefficient re- 
spectively. is the activity coefficient of a complex formed by combination 
of the two molecules A and B. This expression is of particular use, when ions 
are involved in the reaction, on account of the very marked changes exhibited 
by the activity coefficient in dilute solution, these changes being computable, 
at least approximately from the vahmce of the ion considered and the total 
ionic concentration. The change in reaction velocity may be effected, there- 
fore, not only by changing the concentration of the reacting vsystern, but also 
by addition of neutral salts, as for instance potassium chloride. 

On the assumption that in a given dilute salt solution the activity coeffi- 
cient of a non-electrolyte is approximately unity, and the activity coefficient 
of ions depends only upon their valence, the following results may be derived: 
Let A be the molecule of a non-t*lectrolyte, then B and AB will have the same 
electric charge, and so their activity coefficicmts will be equal. In this case 
the fraction: 


f f 



is unity, and the expression for the reaction velocity becomes: 

v = kc^CB, (2) 

i.e. the expression of the classical velocity theory. 

If, on the other hand, the complex AB is electrically neutral, i. e., if the 
molecules A and B are oppositely charged with the same number of charges, 
then f^„= I and Equation (i) simplifies into: 

v = ka^aB (3) 

which is the velocity expression in the ^‘activity theory'’ of reaction velocity, 
which has recently been advanced by several authors^ 

The equations (2) and (3) are thus seen to be special cases of the general 
equation (i). The classical theory as well as the activity theory are therefore 
not generally valid, but each of them applicable only to certain groups of 
chemical reactions. 

* From the Physico-chemical Laboratory of the Polytechnic Institute of (^oi)enhagen. 

’BrOnsted: Z. physik. Chem. 102, 169 (1922). 

® Harned: J. Am. Chem. Sw?. 37 , 2460 (1915); Jones and Lewis: J. Chem So<‘. 117 , 
1120 (1920); AkerlOf: Z. physik. Chem. 98 , 275 (1921). 



58 o 


J. N. BRONSTED AND C. E. TEETER, JR. 


For instance, according to this view, the classical theory should be, and 
actually is, applicable to such a reaction as the inversion of cane-sugar by 
hydrogen ions, while the activity theory is applicable when the reaction con- 
sists for instance in the addition of the ions of hydrogen chloride to a 
neutral molecule^ 

From the form of Equation (i) — as already shown in the first paper^ — we 
learn that addition of salts to a system undergoing a chemical transformation 
may influence the velocity in two entirely different ways. First the term 
fAfi»/fAB niay be altered, while the concentrations C;^^ and remain constant. 
The effect thus obtained on the velocity is called the primary kinetic salt effect^ 
and is what we witness in solutions of strong electrolytes, where the concentra- 
tion of the reacting ions — on account of the complete dissociation — is invari- 
ably given by the stoichiometric composition of the solution. Thus the oxida- 
tion of potassium iodide by potassium persulphate, for instance, is strongly 
accelerated by addition of potassium nitrate on account of a salt effect of this 
kind. 

Second, change in velocity may be due to change in the concentrations 
Ca or Cn, caused by th(^ addition of neutral salt while fAfn/fAB remains 
unchanged. For instance when catalysing the cane-sugar inversion with 
acetic acid, addition of sodium chloride has a very marked accelerating 
effect even at great dilution^ This is explained by the dissociation of acetic 
acid being enhanced by the addition of salts^ The kinetic conditions of the 
process, however, are not influenced by the salt addition,' and an effect of 
this kind upon the velocity is therefore properly termed: secondary kinetic 
salt effect. 

The possibility exists of course, and examples might easily be quoted, of 
primary and secondary salt effects operating simultaneously. The effects 
may then be additive or they may be opposite and cancel partly or completely. 
It is not unlikely that the complicated kinetic behavior of concentrated solu- 
tions of varying concentration is to a great extent due to the combined 
influence of the primary and secondary salt effects in connection with the 
dehydrating influence of the strong salt solutions. The last mentioned 
influence is probably what w(‘ writers in the enhancetl catalytic effect of 
hydrogen ions at moderately high salt concentrations. 

Reaction between Chloropentammine and Mercuric Ions 

For reactions where the concentrations of the reacting ions Ca and c*. are 
determined b}^ the stoichiometric composition of the solution, and no second- 
ary salt effect therefore is possible, abundant verification of Equation (i) has 
already been offered. For the quantitative verification, however, mostly 

1 Harned and Seitz: J. Am. Chem. Soc. 44 , 1475 (1922). 

*Ref. Brdnsted: Z. physik. Chem. 102, 183 (1922). See also Brdnsted and Kai 
Pedersen: Ibid 108 , 185 (1924). 

•Arrhenius: Zeit. physik. Chem. 31 , 197 (1899). 

* Brdnsted: J. Chem Soc. 119 , 579 (1921). 
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reactions between two negative ions or between ions of opposite sign were 
considered. It was therefore of interest to try a reaction occurring between 
two ions possessing both a positive charge. 

Such reactions are much less common than reactions involving negative 
ions. As very fit for our purpose was found the reaction which takes place 
when mercuric nitrate is added to a solution of chloropentammine cobaltic 
nitrate. The stoichiometric equation of this reaction is 

It follows however, the bimolecular scheme, and is therefore kinetically 
certainly a reaction l)etween one mercuric and one complex cobaltic ion 

Also in the absence of mercuric ions the chloropentammine ion transforms 
slowl}^ into the aquopentammine or roseo ion'. At the concentrations used in 
our experiments, however, this spontaneous transformation was negligible in 
comparison with the reaction to be studied. 

The chloropentammine or purpureo ion has a nnl-violet color while the 
ros<^o ion is orangored. The reaction could be followed by the change of 
color, and the velocity determined from th<* |KUX*entage change. 

Solutions of purinireo and roseo nitrates w(n*e made up of concentration 
0.0 1 M, and from these ri standard color solutions according to the following 


scheme : 

Designation 

0 

r 

2 


4 

5 

6 

7 

8 

9 

10 

cc of roseo 

0 

I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

cc of purp. 

10 

9 

8 

7 

6 

5 

4 

3 

2 

1 

0 

cc of water 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 


These 1 1 solutions wen? placed in test tul>es of approximately the same 
diameter and lengt.h immersed in a glass thermostat at 20°. A piece of white 
glass served as background, and daylight as illumination. The color was 
judged by looking vedacally through the column of liquid. 

The test solution.s, consisting of purpureo nitrate with mercuric nitrate 
and various amounts of salt, were placed in similar test tubes in a sliding 
carrier that moved parallel to the file of standard solutions. By carefully 
judging the colors the degree of transformation could be estimated with an 
error of 2 — 4 per cent. 

Because of the spontaneous transformation of the purpureo into roseo ion, 
fresh solutions of the former as well as fresh standard solutions were made up 
each day. It may be noted that roseo chloride in solution changes to some 
extent to purpureo salt, and therefore is not very fit for preparing the standard 
color solutions. Roseo perchlorate is not so transformed and hence may be. 
and was in part of the experiments, used in place of nitrate. 

' Lamb and Marden- J. Am. Cheni. Soe. 33 , 1873 (1911). 
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In the following table are given the composition of the solutions expressed 
as molar concentrations, the total equivalent concentration c and the velocity 
constant k. 


Table I 


V. Cl 

] 

HNOa 

KN ()3 

Sr(N0a^2 

<» 

k 

0,005 

0,0052 

0,005 

0 

0 

0,025 

1,76 

0,005 

0,0052 

0,005 

0,025 

0 

0,050 

2,46 

0,005 

0,0052 

0,005 

0,050 

0 

0,075 

2,95 

0,005 

0,0052 

0,057 

0 

0 

0,077 

2,95 

0,005 

0,0052 

0,005 

0,100 

0 

0,125 

3,81 

0,005 

0,0052 

0,005 

0 

0,05 

0,125 

3,86 


The velocity coefficient k was calculated by means of the theoretical 
expression for a bimolecular process such as the one here considered : 


2C2--C1 2 C 2 (i~x) 

Cl and C2 being the initial concentration of prupureo and mercury ions re- 
spectively, X the fraction of the purpureo ions transformed and t the time in 
minutes. When the readings of transformation in each experiment were 
plotted against time, curves were obtained which proved in agreement with 
this expression when the transformation did not exceed 70 per cent. 

A glance at the figures in the two 
last columns and the corresponding 
diagram, Fig i, shows the velocity 
coefficient to increase very markedly 
with increasing total concentration, 
as expected from our theory. A 
calculation of the magnitude of this big 
salt effect by means of Equation (i) is 
not possible, because the value of the 
activity coefficient of tetravalent ions 
at such concentrations is unknown* 
The effect seems however to be of a fairly reasonable magnitude. 

It is also a characteristic feature of the salt effect here considered, that a 
change of cation has no or very little influence upon the velocity. K”*”, 
and J^Sr ^ give ver^’^ nearly the .same speed. This fact is in accordance with 
the principle of the specific interaction of ions^ since the reacting ions are also 
cations. 

The reaction between the chloropentammine and mercuric ions which is 
thus seen to conform with our theory of reaction velocity, possesses also in 
itself much interest. The driving force in the reaction is undoubtedly the 
strong affinity between mercuric and chlorine ions tending to form the undis- 
sociated mercuric chloride molecule. A similar reaction therefore occurs in 



Tf'^A T/c/n 

Fig. I 


’ Brdnsted: J. Am. Chem. 80c. 44, 877 (1922), 
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the case of other unstable chlorine compounds. In dichlorotetramine cobaltic 
salts the chlorine atoms are not ho strongly bound as in the chloropentamine 
salts, and accordingly the reaction with mercuric ions is much more rapid in 
this case, as shown by the instantaneous color change, from green to violet, 
on addition of mercuric nitrate. In the case of the complex bromo compounds 
the reaction is likewise much (quicker, corresponding to their greater instability 
and the greater affinity between mercuric and bromiiK* ions. The reaction 
between bromopentammine and mercuric ions for instance, can be traced 
colorimetrically down to very small concentrations. 

While the effect of mercuric ions in all these reactions seems very natural, 
a similar effect of silver ions to transform complex halog(»no ions into aquo 
ions could by no means be predicted. As a matter of fact, however, silver ions 
have the same tendency as mercuric ions to accelerate these reactions. The 
explanation can not be offered simply by the small solubility of the silver 
chloride, because this salt can not. be formed in solid state as a consequence of 
a collision between the two reacting molecules. The phenomenon seems to 
indicate, therefore, some kind of complex formation bet ween the silver and 
halogeno ions. It would be possible t.o try experimentally the correctness of 
this view by a general examination of the correlation between reactivity, 
complex formation and solubility, and examination from which certainly 
much interesting information could be furnished. 

As a substance with a similar effect to mercuric and silver ions may be 
mentioned undissociated mercuric chloride. The tendency of the HgC'Li 
-molecule to take up a chlorine ion to form Hg('L, is cert ainly much less than 
the tendency of th(* Hg^ “^-ion to a corresponding reaction. Nevertheless its 
effect is quite definite in several of the reactions mentioned above and the 
deviations we have found from th(' scheme of th(* bimolecxilar reaction, where 
the concentration of the mercuric chloride w^as considerable, may therefore be 
(‘xplained by this effect. 

The Decomposition of Diazoacetic Ester by Weak Electrolytes 

The important reaction between diazoacetic ester and acids which has 
l)een studied by Breding and his coworkers,Ms to be looked upon as a bimolecu- 
lar reaction involving the ester molecule and a hj^drogen ion. As the first of 
these is electrically neutral no salt effect is allowed by our theory if the hydro- 
gen ions Ixdong to a strong acid. If, on the other hand, the hydrogen ion 
belongs to a weak electrolyte we may expect a secondary salt effect. The sign 
of this effect depends upon the type of the electrolyte. 

The process of electrolytic dissociation may give rise to the formation of 
ions of opposite sign, as in the following instances: 

EH— 

and 

TH' — 

^ Fraeikke!: Z. physik. (^hem. 60 , 302 (1907); J^pitalsky: Z. anorg. Chem. 54 , 278 

(1907). 
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representing the dissociation of acetic acid and the second dissociation step of 
tartaric acid respectively. In such cases addition of salts in dilute solution 
always increases the dissociation since in the corresponding equilibrium 
equations: 







c' - 


wher(i K^, the therniodynaniic mass action constant is a true constant at 
constant temperature, and fi and U are both decreasing with increasing ion 
concentration. 

On the other hand the electrolytic dissociation may take place with no 
change in the total niiml>er of electric charges as exemplified by the dissocia- 
tion of the ammonium ion: 

NH/ — ^ NH3+H" 


or the hexa-aquo chromic ion: 

(>(H20)« + ++ 


■Cr 


OH^ 


■(H20)» +h^ 

these processes having essentially the same character of acid dissociations as 
the dissociation of ordinary electrically neutral acid molecules^. The ther- 
modynamic mass-action law gives here: , 


and 




^nh 4 '^ 



f. 


C2 and C3 indicating the concentration of the bivalent and trivalent chromic 
ions respectively, and the subscripts of f the valence or charge of the corre- 
sponding ion. The dissociation of the ammonium ion accordingly is not, or is 
very little, affected when neutral salts are added, while in the chromic ion 
equilibrium the salt addition must cause a decrease in the dissociation, because 
fif2/f3 increases with increasing concentration. 

We have verified this conclusion of opposite salt effect in the catalytic 
decomposition of diazoacetic ester by means of acetic acid and hexa-aquo 
chromic ions, using the pressure of the nitrogen evolved as a measure of the 
rate of decomposition. Tlie details of the method will be published elsewhere 
in connection with other measurements. 


I. Acetic acid. In working out the diazoacetic ester method Fraenkel 
already used mixtures of acetic acid and sodium acetate as a catalyst, and 
found the rate of decomposition proportional to the hydrogen ion concentra- 
tion as calculated by the ordinary mass action law. If, however, the velocity 
constants thus calculated are plotted against the total ionic concentration of 
the solution a curve is obtained which shows definitely increasing values of k 


*Br6nsied: Kec. trav. chim. 42 , 718 ^1923). 
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with increasing concentration. From 0.001 N to o.oiN solution the increase 
is a little more than 6 per cent. This is clearly in agreement with our theory. 

In our experiments the salt added to the free acetic acid was potassium 
nitrate. The first experiments, however, were made with nitric acid in order 
to test the method, and to determine the catalytic effect of a known concen- 
tration of hydrogen ions. In Tabic II ki is the monomolocular velocity con- 
stant of each experiment and k = ki/c. 


C’oHNa 

Table II 
k, 

k 

0 001 

0 01347 

» 3-47 

0 .oor 

0,01325 

13-25 

0.001 

0 01326 

13.26 

0.0005 

0.00678 



Average 

13-4 


The tempin ature of the experiment was 15^. The mean value in Fraenkers 
experiments at the same temperature is k= 13 . 7. 

The following table contains the data for acetic acid of the concentration 
o 05 molal with various amounts of potassium nitrate added. For the 
calculation of ki only the first part of the curve was used in order to avoid the 
complicating infliumci* of th(* side reaction which takes place in the solutions 
rich in KNO3. 

Table III 

Velocity of decomposition of diazoacetic ester catalysed by o 05M acetic 
acid in the presence of various amounts of potassium nitrate. 


( 

ki 

I()^ X 

KrX lo-' 

0 

0 01268 

6 49 

1.83 

0 

0.01266 

9 48 

1 83 

0 

0 01271 

9 53 

1.85 

0 

0.01281 

9 59 

1.88 

0 005 

0.01308 

9 72 

I 93 

0.005 

0.01312 

9 82 

I .96 

0 01 

0.01351 

10 II 

2 .09 

0 

b 

0.01339 

10 02 

2.05 

0.02 

0.01370 

10 27 

215 

0.05 

0 .01419 

TO .62 

2.30 

0. 10 

0,01458 

10.90 

2.44 


From the velocity constant in each experiment the hydrogen ion concen- 
tration is calculated bv means of : 

k, 

Ch^ « 

134 

and then the concentration-mass action constant K^, by: 
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As expected the dissociation constant thus calculated and given in the last 
column of Table III increases strongly as the concentration of potassium ni* 
trate increases. 

2, Hexa-aquo chromic ion. In the experiments with the hexa-aquo 
chromic ion a 0.0105 molal solution of the nitrate was used and various 
amounts of potassium nitrate added. Th.e results were the following: 

Table IV 

Velocity of decomposition of diazoacetic ester catalysed by 0.0105M. 
chromic nitrate in the presence of various amounts of potassium nitrate. 


Ckno,-? 

k, 

IO^XCh^ 

K/X 10^ 

0 

0.01392 

1 .04 

I . 26 

0 

0.01394 

1 .04 

1 . 26 

0.01 

0.01335 

1 .00 

1 . 16 

0.02 

0.01290 

0.97 

1 .09 

0.05 

0.01210 

0.90 

0.94 

0.1 

0.01118 

0.84 

0.82 


The dissociation constant Ke is seen, from these figures, to deo'ease with 
increasing concentration of added salt, contrarily to the behaviour of acetic 
acid, as expected from the theory. 

The total amount of nitrogen evolved in the experiments with o . i KNO» 
was only a few per cent less than when no salt was added, which indicates that 

no side-reaction of significance takes 
place under the condition of the experi- 
ments. 

Comparison of the data with those 
of Denham' and Bjerrum‘^ will be made 
in a later publication in connection 
with further studies on dissociation 
and hydrolysis. 

The best survey of the salt effect 
in the two cases considered is obtained 
by a diagram in which as unity for the 
dissociation constant is taken its 
value at infinite dilution, and the 
relative dissociation constants thus 
calculated are plotted against the ionic strength* as abscissa. The ionic 
strength // of a salt is most suitably defined as its equivalent concentration 
multiplied by the mean value of the valences of its ions: 

zi'+z/ 

Mi = Ci ^ 

* Denham: J. Chem. Soc. ^^ 3 , 53 (1908). 

* Bjemim: Z. physik. Chem. 73 , 724 (1910). 

•Lewis and Randall: J. Am. Cliem. Koc. 43, 1112 (1921). 
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and the ionic strength of a solution as the sum of the ionic strengths of each 
salt present: 

M~Mi+M2+ * * ■ * 

Calculation of the dissociation constants at infinite dilution is possible with 
some approximation from the theory of Debye and Huck(‘l’ from which the 
following expression for the activity coefficients is derivaWe^ : 

log f*=-“0.5 z Vm 

f* being the activity coefficient of an ion with the valence z. 

In Fig. 2 the result of this calculation is presented, the curves I and II 
giving the change in the dissociation constants of acetic acid and hexa-aquo 
chromic ion respectively. The dotted parts of the curves correspond to th(' 
theoretical calculation. This should give fairly correct results in the case of 
acetic acid, but is more doubtful in the eas(‘ of the hexa-aquo chromic ion, 
l>ecause the concentration in the first experimental point down to which th(‘ 
theoretical curve has to be continued is here much higher. 

Notwithstanding this uncertainty th(' diagram conveys a very clear idea 
of the diversities of the salt effect upon th(» constants of electrolytic dissocia- 
tion, according to the type of the weak electrolyte considered. 

Summary 

1. The ‘^classical theory^' and the ^‘activity theory” of reaction velocity 
in dilute solution are in conformit}*^ with a general theory only in special cases, 
and the velocity expressions of these two theories, therefon*, applicable only 
to certain groups of chemical reactions. 

2. The kinetic salt effect may be primary, i.e. of purely kinetic origin, 
only depending upon the activity coefficients, or it may be secondary, i.e. 
caused by a change of the concentration of the reacting ions or molecules, due 
to a static salt effect. 

3. The primary salt effect in the reaction between chloropentammine 
cobaltic and mercuric ions was experimentally studied and found in agreement 
with the theory. 

4. The secondary salt effect in the catalytic decomposition of diazoacetic 
ester by acetic acid and hexa-aquo chromic nitrate was experimentally studied 
and found in agreement with the theory. The effect is positive in the first 
case and negative in the second case. 

Copenh agen , J an . i 9£4 • 

^ Debye and Httokel: Physik. Z. 24 , 185 (1923)- 

®Br6n8t<ed and La Mer: J. Am. Chem. Sor. 46 , 555 {1924)* 



METALLIC LUSTER. P 

BY WILDER D, BANCROFT AND R. P. ALLEN 

In a previous paper*^ there has been given a discussion of metallic luster 
chiefly from the view-point of the physicist. In this article it is proposed to 
take up the subject from the view-point of the psychologist, clearing the way 
for the next article which will present the subject as the physical chemist sees 
it. 

In 1862 Wundt® considered the question of luster in general. ^Xuster 
appears most often with specular reflection, because this is the most common 
way of apparently seeing one object through another. When one looks through 
a colored glass plate, the objects do not appear lustrous, because one does 
not see the glass plate as a special object but transfers its color direct to 
the object looked at. If one lays on a colored glass plate a paper of another 
color, in which one has cut a small window, and if one holds a little behind 
the window a white object with a drawing in persjK'ctive, the window appears 
exceedingly lustrous and one can in this way produce monocular, binocular, 
and stereoscopic luster. 

“Luminescence, specular reflection, and luster are to be kept quite dis- 
tinct. Though luster is often produced by specular reflection, it is entirely 
different from the latter. An object is self-luminous when it radiates light of 
the same intensity from the whole of its surface.^ It is six»cular reflection 
when an image of the surrounding objects is obtained which is so good that 
one forgets the reflecting surface. A substance is lustrous when we s(‘e other 
objects in it but are also conscious of the reflecting surface. The most brilliant 
luster is therefore produced when vague specular images are obtained and 
when the surface attracts our attention through its lines, its diffeTence?s of 
color, etc. The specular reflections prevent us from seeing the reflecting 
object clearly and the reflecting object keeps us from seeing the specular 
reflections well. In nature the dividing lines between luminescence, reflection, 
and luster are not always sharp, for they depend on us as well as on the objects. 
Objects which reflect or seem shiny by day usually seem luminous in the dark 
when one fails to notice slight differences in brightness. A lake with the sun 
shining on it seems self-luminous when seen from a great distance; it is lus- 
trous when we look at it from a moderate distance; and it reflects when we 
look down on it from close above. The same object may therefore appear 
lustrous to one of two observers and reflecting to the other. 

^ The experiments which led up to this article were made possible by a grant from the 
Heckscher Foundation for the Advancement of Research, established by August Heckscher 
at Cornell University. 

* Bancroft: J. Phys. Chem. 23 , 289 (1919). 

*Pogg. Ann. 116 , 627 (1862). 

^ [Wundt is making the tacit assumptions that the temperature is uniform and that 
we are dealing only with thermal luminescence.] 
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can even see luster with one eye if we make the mirror image of one 
colored object fall behind the direct image of another colored object. If the 
colors contrast and if the objects and their boundaries are visible, we get the 
sensation of brilliant luster. This disappears at once if the reflecting glass 
plate is turned so that the mirrored image and the oiu^ seen directly seem in 
the same plane, or if the reflected object is so chosen that it covers completely 
the one seen directly. Ever>^thing which helps the judgment as to the distance 
between the two objects seen one l>ehind the other, increas(^s the intensity of 
the luster. Wlien the effect of luster is not obtained in the preceding experi- 
ment, it can often be produced if one turns th(‘ n^flected object or the reflecting 
glass plate a little so that the mirror image changes its position, or if one intro- 
duces a perspective drawing on the reflected object. In the latter case an 
illusion of judgment will sometimes give rise to th(‘ sensation of luster even 
though the planes of the refl(‘cted image and of th(‘ directly-seen object actual- 
ly coincide. This lust(‘r disappears at on(*e if we use bot h eyes, because we can 
then convince ourselves so accurately of the real position of the objects that 
we are not deceived by th(' perspective* drawing. C Conversely — and this 
actually happens quite frequently— binocular luster may apppear just when 
the two objects seem to be in the place to monocular vision and become 
separated only wheui the conv(*rgence due to binocular vision gives us more 
accurate judgment of the relative positions. Monocular and binocular luster 
are therefon* to ho distinguished. Monocular lust(*r will sometimes disappear 
when one uses both eyes and an object which appears lusterless when looked 
at with oin* (*ye show brilliant lustt*r in binocular vision.’' 

^^Froin th(»so experiments and obs(*rvations it is clear that the phenomenon 
of luster is psvchological in origin. Luster ilepends on the impression that 
we see two or more objects simultaneously, oni* behind another. The objects 
seen one behind another differ in color or brightness. So far as sensation goes, 
it is a blend just as it would be if the objects did coincide in position, in which 
case th(* blend would persist in tin* [)(*rception also. l"his is no longer the case 
if we consider the objects as at different distances. In this latter case w(* 
isolate the color or brightness characteristic of eacli ol)ject from the blended 
sensation and perceive^ each separately. Wh(*n we combine a white and a 
black object stereoscopically, w(* do not see a gray or even a lustrous gray; we 
have the definite impression of seeing the white object through the black one 
and it is this impression that gives us the sensation of luster. Luster is not a 
blending but a separation of impressions and it is only because the separation 
is incomplete that luster interferes with the definite recognition of this fact. 
Lmter is a process of judgment by which we recognize that the objects seen are 
at different distances and try to isolate from the blend sensation the color or bright-- 
ness characteristic of each object” 

Forty years did not bring much change in Wundt’s point of view.^ "'The 
stereoscopic luster discovered by Dove is a phenomenon which occurs regularly 

* PhyBioiogische Psychologie, 4, 625 (1902); 12, 672 (1910). 
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when we combine stereoscopically two images of different brightness or color, 
provided we select the conditions so that the effects of contrast, which will be 
discussed later, do not reach the limit at which a complete displacement of 
one image occurs.* Images with larger expanses of equally-colored surfaces 
increase the impression of luster while crowded contours tend to destroy the 
luster because of the contrast effects due to the action of the edges, as will be 
explained later. On the other hand the fact that one sees the outlines of the 
object is favorable to the sensation of luster. One gets the best effect therefore 
when one combines two equally large and definitely bounded surfaces, one of 
which is white and the other gray, or which are colored differently, provided 
the differences of intensity are not so great as to cause displacement of one 
image by the other. Stereoscopic luster is therefore the characteristic phe- 
nomenon of binocular blending. A binocular blending of colors or brightness 
rarely occurs without luster. The essential thing in the production of luster 
does not consist, as is sometimes assumed, in the greater intensity of the im- 
pression; but chiefly in the fact that a surface of a definite color or brightness 
is seen beliind a surface of another color or brightness. Luster, transparency, 
and reflection are therefore closely connected phenomena which merge one 
into another. Whenever we see tehind one object another which presents 
fairly distinct outlines and seems therefore at a definite distance behind the 
other, we get the impression of two surfaces, one nearer than the other, the 
farther one being seen through the first. The moment the outlines blur a bit, 
we get the sensation of luster because we have two separate impressions of 
light but are not able to refer either image to a definite object l)ounded in any 
w'ay. From this point of view the peculiar sensation complexes, which char- 
acterize the phenomena of transparency, reflection, and luster, are not con- 
fined to binocular vision; and stereoscopic luster is a special case in a group 
of phenomena which occur also in monocular vision. In monocular vision we 
get the sensation of transparency whenever one eye is acted upon by two 
lights coming from the same direction but from different distances, provided 
there is the necessity for accommodation because of limiting outlines for 
instance. When this is so, we get even under ordinary conditions of vision 
the impression of transparency w^hich changes to that of luster in the limiting 
cases. The impression of transparency occurs not only when the object is 
really transparent ; but also in an exactly similar way in case it has a reflecting 
surface which sends back the image of a second object. This appearance of 
transparency can easily be produced artificially.” 

“By means of a glass plate set at an angle, the image of an object fc on a 
piece of white paper c at one side can l)e reflected to the eye so as to seem in 
the same plane or behind another object a which is seen directly by looking 
down through the glass plate. “If the object a is very smooth, it can be made 
to seem like a real mirror. This effect is disturbed if the color of a is uneven 
or if there is a drawing on its surface which forces an accommodation of the eye. 

* Dove: Sitzungsber. preusH. Akad. 1850 , 152; 1851 , 246; ^‘DarstcJliing der Farbon- 
lehre^’, 166 (1853). 
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The mirror effect is also disturbed if we give b a blurred outline so that it is 
hard to tell how far behind a it seems to be or if w(» let the white paper c b<* 
reflected but give it an uneven illumination so that different parts of its re- 
flected image show differences in brightness. In all these cases we get that 
modification of reflection which we call luster. As a matter of fact, we call a 
surface reflecting or transparent in case it gives definite reflected images whih* 
its own presence is shown in som(‘ way, by outline, more brilliant points, or 
otherwise. On the other hand we call a surface lustrous if the reflected image 
is not clear in itself or if it cannot be seen clearly tecause of unevenness in the 
leflecting surface. I'sually both factors are present simultaneously since 
irregularities in a reflecting surface, which call one\s attention to it, usually 
affect also the clearness of th(‘ reflected image. One can therefore produc(‘ 
luster artificially by piling w^veral thin plates, which are both transparent and 
reflect the light, upon a ground which does not permit light to pass through. 
The rays reflected from different di^pths produce a very brilliant luster^ which, 
depiuiding on the color of the transparent plates, duplicates in an extraordinary 
way the luster of metals. 

^^Stereoscopic luster corn*sponds exactly to these monocular phenomena 
of reflection and luster. One can also produce binocular luster with a reflect- 
ing glass plate just exactly as in the stereoscope Reflection and luster 

are therefore phenomena which are not characteristic of binocular vision as 
such; but which can evidently be intensified binocularly, as in the duplication 
of the stereoscopic luster, when the impressions are ref tarred to definitely 
separated and differemt objects. Everywhere these phenomena depend on 
two factors. The first of these is an immediate sensation and is clearly due to 
th(‘ different accommodation made necessary by objects occurring in the same 
direction from the (\ves but at different distances. Since the clear image of 
any point of the reflecting surface is always surrounded by a diffraction circle 
due to light coming by the same fK)int from gi*eater distances, the effect of 
luster will he greater the mor(» diffuse the diffraction circle is, because the 
characteristi(? sensation of luster depends on the peculiar combination of clear 
and unclear vision. The s(*cond factor is due to the formation of an impression. 
The combination of clearly-seen points with diffraction circles gives rise to a 
certain dissociation of the impressions received on the same point in the 
retina or on corresponding points in the case of binocular vision. The bright- 
nesses and the colors do not blend completely; but what is seen in the diffrac- 
tion circles is differentiated more, the gi'eater the qualitative differences. 
Whenever the actually or apparently reflected object possesses any definite 
outlines or points, we get the impression of two objects one behind the other, 
one seen through the transparent other one. This impression gives rise to 
luster whenever the reflected light is diffuse and clearly marked points or out- 
lines can no longer be recognized,^’ 

' Kirschmann: Der Metallglanz iind die Parallaxe des indirecten Sehens,’’ Phil. 
Studien, 11, id7 (i8<^5). I possess a collection prepared by Professor Kirschinann, of 
combinations of gelatine and mica films which by reflected light can scarcely be distinguished 
from surfaces of |)o1ishcd gold, brass, steel, copper, silver, and platinum. 
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Wundt is not distinguishing between metallic and vitreous luster. Many 
of the cases he is citing are really metallic luster but one gets the sensation of 
vitreous luster when one has the sensation of depth. As will be shown in the 
second paper, Kirschmann^s layers of gelatine films look like metals because 
one is not conscious of the light coming from different depths and not, as 
Wundt puts it, because one is conscious of it. Owing to the failure to differen- 
tiate between vitreous and metallic luster, Wundt has been led quite astray, 
which is perhaps one reason why he never carried the thing any farther. 

Ladd and Woodworth^ say even less than Wundt though in fewer words. 
“The peculiar perception of lustre is due to a struggle between the two fields 
of vision which results, not in combining the black images of one field with the 
white images of the other so as to produce an equal tint of gray, but in a rapid 
alternation of the two. Very smooth bodies, when they reflect the light per- 
fectly, do not appear lustrous. But when the surfaces of such bodies — as, for 
example, the surface of a sheet of water — become ruffied by ripples, they biv 
come lustrous. The perception of lustre ina}^ be produced b}' combining two 
stereoscopic pictures of an object which are alike in contour, but one of which 
is black wath white lines where the other is white w’ith black lines. Tw'o such 
pictures do not combine to produce an equal tint of gray over the whole sur- 
face; but the images of the separate points on the two retinas enter into a 
struggle with each other, and the rapid alternation of the prevalence, first of 
one and then of the other, gives rise to the appearance of lustre.^^ 

The question of metallic luster has been discussed at considerable kuigth 
by Kirschmann^ who w^as a pupil of Wundt’s and w^ho is now" professor in 
I^ipzig. In the first paper Kirschmann says: 

“Dove’s well-known experiment, in which two colorless surfaces of different 
brightness produce the impression of a graphite-like, lustrous surface w^hen 
combined stereoscopically, proves nothing in regard to m(‘tallic luster, al- 
though, as a result of this experiment, some authors have identified metallic 
luster with stereoscopic luster. In the first place* it is a false conclusion to 
consider that the stereoscopic luster in Dove’s experiment is metallic luster 
because it resembles the luster of graphite and the luster of graphite is like 
the luster of metals. In the second place metallic luster can be seen just as 
well with one eye as with two. In the only experiment of Dove’s, in which 
monocular luster and in this case metallic luster could be observed, a color on a 
glass plate appeared red by transmitted light and green by reflected light, and 
had a luster like copper bronze at certain spots where* the two impressions 
mixed. This latter occurred obviously because the color in question, like 
indigo and many other glazing colors, had a little metallic luster anyhow and 
this could be perceived better after painting on glass because of the absence 
of any disturbing background. 

* '^Elements of Physiological Psychology”, 453 (1911). 

* Wundt’s Philosophische Stiidien, 11, 147 (1895); Archiv. ges. Psychologic, 41 , 90 

(1921). 
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‘‘Aubert, like Briickn and Hering, holds the erroneous view that brightness 
as such is all-iniportant for luster. C/ontrast, i.e. groat difference in brightness 
is in his view absolutely necessary, not only for the sensation of binocular, 
metallic luster but for eveiything which we call luster. Binocular and metallic 
luster are here brought absolutely together. 

^^Wundt has shown, in detail and conclusively, that all luster, binocular 
and monocular, is due 1o incomplete reflection or, which is tljc same thing, to 
the parallax of the two eyes or to the movement of the single eye; and that 
marked contrasts, either of intensity or of quality, are very helf)ful to the ap- 
pearance of luster. It is difficult to add anything to Wundt simple and clear 
ex])Osition on ordinary' and stereoscopic luster. 

^^If the reflection at a plane or a contiimously curved surface is approxi- 
mately completely regular, we have specular reflection. If only diffusely 
reflected light reaches the (ye, we have a matte surface which looks the same 
from every point of view. In all other cases, in w^hich therefon^ we have both 
kinds of r(‘flection (regardless whet her real or apparent) in perceptible strength 
simultaneously, we have the* ph(‘nomenon of luster. 

*'We have seen that luster depends u[K)n the simultaiu'ous action of diffuse- 
ly and specularly reflected light. This can (Misily lead to the false assumption 
that our (ye has th(' power of r(‘cognizing directly that such light is mixed. 
We must k(‘ep in mind that only a single iinpressicm results from the joint 
action of several, simultaneous light -act ions of different quality and intensity 
on the same* part of the retina. 

Throughout this article as throughout WundtV there runs the curious, 
tacit assumption that metallic luster is the only luster and yet this is contra- 
dicted to some (*xtent by the cryptic statement that “it is a false conclusion to 
(*onsid(T that the sUueoscofiic luster in Dove’s experiment is nu^tallic luster 
Ix^cause it resembles th(' luster of graphite and the luster of gi*aphite is like 
the luster of metals.” He does not say that stereoscopoc luster either is or is 
not metallic luster, lie mendy says that an alleged reason for calling it 
metallic luster is not a good reason. He is quite clear however that metallic 
luster is due “to the parallax of the two eyes or to the movement of the single 
eye.” If this were really true, one (rould not recognize metallic luster with one 
eye in a thunder-storm at night because many, perhaps most, lightning 
flashes are over before the ey(‘ can move. We found expcTimentally that the 
ability to distinguish liet wex^n a piece of metal and a piece of cardboard was a 
function both of the time of exposure and of the intensity of illumination. 
With a given light intensity we could distinguish the sheet tin from the card- 
boai*d when the exposurt' (by means of a photographic shutter) lasted one- 
fifth of a second ; but we could not do so for an exix)sure of one-tenth of a 
second. On increasing the intensity of illumination there was no diflSculty 
about telling the tin from the cardboard on exposures of less than one-tenth 
of a second. 

Kirschmann^s other definite statement is that luster depends upon the 
simultaneous action of diffusely and specularly reflected light. “If the rofle^c- 
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tion at a plane or a continuously curved surface is approximately completely 
regular, we have specular reflection. If only diffusely reflected light reaches 
the eye, we have a matte surface which looks the same from every point of 
view. In all other cases in wliich therefore we have both kinds of reflection 
(regardless whether real or apparent) in perceptible strength simultaneously, 
we have the phenomenon of luster." 

There are at least two catches in this paragraph. It may be true that with 
diffuse reflection from a plane surface we get a matte surface which looks the 
same from every point of view ; but it is not obvious and it has not been proved. 
The assumption is made tacitly that light can be diffu^d in only one way and 
that the surface will look the same from every point of view. That is true only 
in case the diffusion is absolutely regular which is not a necessary concomitant 
of diffuse reflection. The second catch is in the clause about both kinds of 
reflection. So long as Kirschmann says "real or apparent" and sticks to it, 
he can prove anything. All he has to do is to insist that any case of metallic 
luster which does not fit in under his formula involves ‘apparent’ specular 
reflection and he is safe. We do not see that the superposition of one diffusely 
reflecting image upon another diffusely reflecting image can be said to give 
‘apparent’ specular reflection and yet, if not, the only escape is to say that 
stereoscopic luster is not metallic luster and Kirschmann balked in 1895 at 
saying that definitely, though he implied it. If one limits metallic luster to 
the luster of metals, the problem is side-stepped and not solved. 

In the later paper Kirschmann* discusses metallic luster at great length; 
but the result is depressing, because he apparently knows no ph)rsic8. ‘‘The 
totally color-blind man sees metallic luster just as well as the color expert. 
Metallic luster is not affected or weakened in the least by colored illumination 
even when this is approximately monochromatic, except in so far as this may 
be due to a decreased intensity of light. In the light of the sodium flame, 
metallic luster remains unchanged and we must therefore assume that it would 
not disappear by absolutely monochromatic illumination if such a thing were 
possible. From this one sees the futility of the earlier attempts to account 
for metallic luster by the combined action of differently colored components.” 

It is certainly a gross exaggeration to say that metallic luster is not changed 
or decreased by monochromatic light when one is dealing with the colors of 
thin films or with selective reflection from solid dyes, etc. Of course one can 
say, that these are cases of pseudo-metallic luster and not of true metallic 
luster; but that will not satisfy anybody. It is very difficult to believe that a 
totally color-blind man will see metallic luster just as well as the color expert. 
In so far as metallic luster depends on differing intensities of light, the state- 
ment is probably true; but it becomes absurd when the metallic luster depends 
wholly or in part on differences of color. 

‘‘White, the colorless quality of light, is relative. Therefore we recognize 
a sli^tly saturated color only when we are reminded continually of its exist- 

' Archiv ges. Psychologic, 41 , 90 (1921). 
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ence by the presence of complementary colors. This is the reason why, when 
we use colored glasses, blue or yellow for instance, we soon forget the mono- 
chrome effect over the whole field and think we see things in their natural 
colors. In the same way we scarcely notice the difference in colors by day- 
light and artificial light and believe that in lamp light (kerosene, gas, incandes- 
cent light) the yellow objecfs look white whereas really it is the other way 
round and the white objects look yellow. We do not notice the yellow color 
because it is over the whole field.'" 

^^Colorless surfaces which give complete diffuse reflection and have the 
8an»e reflection coefficient appear identical; lustrous and especially metallical- 
ly lustrous ones do not [?]. The total amount of light reflected back from a 
highly lustrous, dark (black) body may be much greater than that from a 
slightly lustrous light body. Pure iron is bright white with high luster. Cast 
iron containing dissolved carbon is also white with less luster. The so-called 
gray cast iron which contains the coal as small flakes of graphite is much 
darker and has less luster. Steel, with still less luster, is usually gray." 

‘The essential characteristic of all luster is a parallactic effect, as has be(*n 
shown by Wundt and Dove. 7’'he surface of a substance is lustrous in all 
points where a portion of the light is so reflected that it seems to come from 
points not situated in the surface. The certain recognition of luster therefore 
presupposes a parallactic process, either a successive' or simultaneous observa- 
tion of different portions of the space, which can be made either with both 
eyes or by movement either of the eye or of the object. We can define luster 
as follows: a surface is lustrous when its parts reflect the light in different 
(adjacent) directions with different intensity. Or: all portions of a surface 
are lustrous where one [loilion of the incident light is reflected regularly and 
another portion diffusely. Since completely regular reflection is specular 
reflection, one can look utx)n luster as imperfect siiecular reflection.’" 

Here Kirschmann is making the tacit assumption that all cases of metallic 
luster are du(' to imperfect specular reflection because some cases are. If he 
had said that the sensation of metallic luster was due in thf'se cases to suitable 
differences in intensity, he would not have gone Ix'yond the facts. Misled by 
his earlier assumption that differences of intensity can only be obtained by a 
mingling of specular and diffuse reflection, he states his observation in terms 
of his erroneous hypothesis. He has defined spc'cular reflection as regular re- 
flection from a plane or continuously-curved surface. Under his own defini- 
tion a metallic surface containing moderately large crystals rising above the 
surface will not give diffuse reflection because the reflection will be regulai* 
from every face and yet there will be differences of intensity and the surface 
will look metallic. Of course this is not what Kirschmann means by specular 
reflection; but it is ivhat he seems to say. 

‘Tn addition to this actual luster, which we will call true or parallactic 
luster, there is also an apparent luster dep<?ndent chiefly on differences of 
intensity of adjacent portions of the surface. On account of the specular 
component of the reflected light, an intense reflection of light is a frequent 
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accompaniment of luster; but this is not necessary or essential. When we 
note on an object, which we do not consider self-luminous, diflferences of 
brightness which our experience would not lead us to expect from diffusely 
reflecting substances, we often conclude, even when the possibility of parallac- 
tic effect is excluded, from analog>' with cases where such an effect occurred^ 
that the substance is lustrous. This conclusion may prove to be in error if we 
are not informed as to the illumination and physical state of the surface; for 
the actual configuration of apparently brighter and darker portions of the 
surface may be due to other causes (hidden light-source, transparency, etc.). 
Only this pseudo-luster can bo reproduced by ordinary photography or by the 
painter, in the latter case only within the ratios of light intensities which the 
painter's pignjents can equal. This latter limitation holds for diapositives 
whether painted or photographed. No photography and no painting, even 
though using transparent media and transmitted light, can give the actual 
parallactic luster by vaiying light intensities in a plane or continuously- 
curving surface. 

‘Tt is also quite improper, as Katz admits, to recognize luster as a special 
phenomenon and yet to count self-luminous bodies among the lustrous, as 
Hering docs when he assumes that self-luminous bodies come nearest to thosr^ 
with metallic or silky luster. In certain cases there can be no doubt as to the 
existence of true, parallactic luster; and the apparent luster can he defined 
satisfactorily and clearlj^ as an intensity ratio which excf^eds the limits of 
possibility for homogeneous illumination and diffuse reflection. On the other 
hand our sight organs give us no information whether a surface is self-luminous 
or is sending reflected light to our eye. We must determine that in some other 
way, often by making use of other senses. By means of filters we can illumin- 
ate a red paper surface wiih light of the right color, saturation, and brightness, 
so that it cannot be told in any way from a self-luminous, red-hot metallic 
surface. lAirninosity is not a phenomenon of colors or light qualities but is 
one of the recognition complexes which we call things. I cannot accept the 
assumption of Katz that one can see glowing iron as luminous throughout its 
mass. Glowing iron is absolutely not transparent. When one does not know 
the objective state of things, one cannot tell it from illuminated objects having 
the same color, saturation, and brightness." 

This is also a bit misleading to the lay reader. Kirschmaim seems to say 
that one cannot be sure whether he is seeing metallic luster or not, until he 
knows the conditions of illumination; but this is absurd. The essential ques- 
tion is what gives the sensation of metallic luster and it is immaterial whether 
the sensation of metallic luster is an illusion due to lighting or not. Actually 
this is not what. Kirschmaim said. He says that unless we know the condi- 
tions we might conclude that the substance is lustrous in itself. That is a 
perfectly harmless statement ; but it has nothing whatsoever to do with the 
theory of metallic luster. 

If we cannot tell whether we are looking at a self-luminous body or not, 
that would seem to be good and sufficient evidence that the two sensations 
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were the same within th(* limit of error. It is not justifiable therefore to say 
that a self-luminous body cannot appear lustrous. When the light falls right 
on a mother-of-pearl push-button, it is often quite impossible to tell by looking 
at it whether one is se«‘ing reflected light or transmitted light. It would be 
foolish to say that the Viutton is lustrous if it is opaque and is illuminated from 
in front, and is not lustrous if it is translucent and is illuminated from behind, 
unless we are going to define luster so as to limit it to a sensation produced by 
reflected light. One could do that; but then oiu* would have to study the 
nature of the identical sensations which we were calling hy different names. 
Kirschmann^s attitude is rather clever if this is simply a contest in dialectics: 
but it is a distinct failure if one is interested in getting at the truth. 

Kirschmann's attitude in regard to the question whether one can see glow- 
ing iron as luminous throughout its mass is not satisfactor3\ He is perfect!}- 
right in saying that glowing iron is not transparent. If we look at a mass of 
molten iron we cannot tell at all how thick it is. On the other hand Katz is 
right in saying that w(* g(»t an (*fTect as of luminosity through the mass. The 
reason for this is that th(* outer layer of the molten iron is usually cooler than 
the inner portions and one conse<|uently gets the feeling of depth which means 
transparency. That is oiu' case. We have* anot her case when the iron or other 
molten metal is in the furnace and the walls of th(‘ furnace are practically as 
hot as the molten metal. We an‘ then lo(»king into a nearly uniformly lighted 
space and it is often not ('asy to detect the surface of the molten metal. To 
the extent that oru* is not C(‘rtain whether one sees the molten metal or the 
bottom of the furnace, tli(‘ metal will smii transparent. 

“In the pri'viously cited article I liave showm that metallic luster must be 
of a parallactic nature and that it cannot Ix^ referred to the co-(‘xistence of 
different degrees of brightness in the same surface, or to intense reflection 
aloiu\ as some physicists st*em to assuiiK*. Drude says that it can readily be 
seen that metallic luster is due only to high reflecting power because an air- 
bubble looks like a nuiallically lustrous drop of mercury, whenever the light 
is totally reflected. There is hen» the serious confusion of metallic luster, 
which is properly charactcTized as incomplete sj)ecular reflection, with com- 
plete specular r(*flection. A jicrfectly polished, and therefore absolutely 
regularly reflecting, metallic surface has no visible metallic luster at all. We 
see only th<‘ specular reflection of objects and not the mirror surface itself. 
While traces of diffuse reflection due to dust, small defects, cracks or the like, 
may be visible, they are usually unimportant in comparison with the specular 
reflection. Between a well-polished, plane, metallic mirror and the quiet 
surface of a body of water of sufficient depth, there is no difference in this 
respect. It would never occur to anybody however to ascribe metallic luster 
to a reflecting water surface. The air bubble or the test-tube filled with air, 
gives total reflection in the water and therefore specular reflection but no 
metallic luster. A surface, which one cannot see and the existence of which 
one deduces because of seeing mirrored objects, cannot give metallic luster 
unless one defines metallic luster so as to include all specular reflection. That 
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we can often tell one metallic mirror from another is due to the higher reflect- 
ing power of the first, in consequence of which the mirrored images are nearly 
as intense as the originals. At a completely reflecting surface such as a metal- 
lic mirror, one sees no luster of any kind and therefore no metallic luster. That 
does not exclude the possibility that the light reflected from a metallic mirror 
may have special properties which cannot be perceived directly [elliptic 
polarization]. We shall see later that in a metallic mirror the unseen, metallic 
luster is, in a sense, only sleeping, and can be awakened by suitable means. 

''The movement-parallax is a sine qua non for all surface luster whether 
seen by two eyes or by one. This holds also for fatty luster, graphite luster, 
and for the insufficiently studied lusters of silk and mother-of-pearl. Irides- 
cence and opalescence are also parallactic in nature. In these last cases not 
only are the intensities, but also the colors of the specularly and diffusely 
reflected components different. All these sorts of luster can therefore be 
produced accurately by stereoscopic photography; of course only by trans- 
parencies with complete accuracy of the brightness ratios. I have been able 
to make stereoscopic transparencies of opals which brought out all the charac- 
teristics of opalescence to the smallest details. 

"Stereoscopy fails absolutely to give metallic luster. When metallically 
lustrous objects are shown in stereoscopic pictures, there is no luster if they are 
matte and only the ordinary surface luster when they are polished. And yet 
I have shown in the previously cited paper by a process of exclusion that 
metallic luster must be parallactic in nature. Since the binocular parallax 
plays no part in the recognition of metallic luster and since the latter can be 
recognized with one eye and when the eye is kept still, the only possible expla- 
nation is the parallax of indirect vision. The parallax of indirect vision de- 
pends upon the fact that the stationary eye measures the angular distances of 
points in the field of vision from the fixation point of the line of regard — the 
center of the cornea image of the pupil — while the moving eye, when measuring 
angles, takes the center of torsion of the eyeball as its base. The distance 
between the fixation point of the line of regard and the center of rotation is 
about 10.5 mm and serves RkS the base for a triangulation which has no sig- 
nificance at long distances; but which may lead to inaccurate and deceptive 
values for short distances close to the body and especially within arm^s length. 
In the side portions of the lower field of vision in which we supervise most of 
the work done by our hands, the parallax of indirect vision must replace the 
parallax of binocular vision which falls in the relatively slight distance from 
the fixation point .... The difference between the angle of vision and the 
angle of torsion is the parallax of indirect vision. 

Kirschmann states that total reflection cannot give metallic luster because 
"a surface which one cannot see and the existence of which one deduces because 
of mirrored objects, cannot give metallic luster unless one defines metallic 
luster so as to include all specular reflection.” It is quite possible to arrange a 
mercury surface so that one cannot see it and then it will not give metallic 
luster. On the other hand, one usually can see a drop of mercury on account 
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of the curvature and it certainly looks metallic. In the case of total reflection 
one does or may see the surface either owing to the curvature or to the irregu- 
larities in the glass or elsewhere. Nobody, except a man with a hypothesis to 
prove, would deny that total reflection may look exactly like mercury. This 
is quite evident in the following quotation from Briicke.* ^Tour some water 
on a table near a window and place a beaker filled with water on the spilled 
water in such a way that thei'e are air bubbles on the under side of the beaker. 
If one turns one's face towards the window and looks down at an angle through 
the water in the glass, the air bubbles look exactly like drops of mercury 
pressed out flat by the weight of glass. This is much more striking than the 
better known method of getting metallic luster by dipping an empty test-tul>e 
into a cylindrical stand-glass containing water." 

Kirschmann states that ^^it would never occur to anybody to ascribe iiK^tal- 
lic luster to a reflecting water surface." This may he true if the surface of the 
water is smooth ; but it is not true when the surface is roughened by a slight 
breeze. Brucke says that ‘^it can be shown that we get the impression of a 
metallic surface even wdth substances which have in themselves no metallic 
luster, provided we have simultam^ously a roughened surface and a high re- 
flection of light. The most familiar instance of this is the silvery streak which 
marks the reflection of the moon from a water surface rippled by the evening 
breeze. The wavelets make the surface of the water seem rough and the accom- 
panying high reflection of light make the water look metallic, more metallic 
that the disc of the moon itself." 

Following C;. du Bois-Reymond, Kirschmann practically postulates that 
the eye always moves during any ex|K)sure however short, a conclusion which 
is probably not shared by other psj-chologists. 

‘‘Metallic luster, though parallactic in nature, is absolutely independent 
of the binocular and of the displacement parallax. Every parallax, however, 
presupposes either simultaneous observation from two different points or 
movement. Movement of some soil is really at the base of every parallactic 
determination of depth, even of the simultaneous determination in binocular 
vision. An absolutely stationary pair of eyes has no way of distinguishing 
l>etween double images of a single object and single images of correspondingly 
placed, double objects. It is not the occurrence of double images but their 
behavior on changing the convergence, which makes us refer them to a single 
object. In the same way the parallax of indirect vision only becomes conclu- 
sive after movement of the eyes and change in the aecommotlation occur. 
Metallic luster can be detected on apparently homogeneous surfaces and with 
an eye which does not move consciously. 

“C. du Bois*Reymond has shown however that there is no such thing as an 
absolutely motionless eye. Even when one seems to be at rest and to be 
holding one’s glance steady, the eye, partly in the socket and partly with the 
whole head, makes slight vibrating changes in fixation and accommodation 
which take place involuntarily and unconsciously, but which are largo enough 

* Sitzungsber. Akad. Wiss. Wien. 43, IT, 177 (1861). 
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to cause the very small displacements in the configuration of the brightness 
of adjacent points, which are essential in our view to the appearance of metal- 
lic luster. ... All metallic luster presupposes a finite surface. A single 
point has no metallic luster. It shows only a change in brightness, similar to 
that of a twinkling star, but without any color appearance. Metallic luster 
occurs first with the juxtaposition of such small surface units varying more or 
less in their brightness. 

*‘Katz admits that the appearance of metallically lustrous surfaces differs 
from those of ever}' other kind of lustrous and diffusely reflecting surfaces; he 
considers the unusual differences in brightness between the portions of the 
surface as necessary but not as sufficient. How comes it then that metallic 
luster can be recognized even with a very slight illumination, when the differ- 
ences in intensity are no gieater than those occurring usually.'^ 

*‘Katz has evidc'ntly misunderstood my generalization in the earlier paper 
that **the foi*m and surrounding of the surface and their relation to other light- 
impressions in the field of consciousness have no essential effect on metallic 
luster and that the size of the surface is irrelevant for the occurrence of metal- 
lic luster provided the surface is not so small that one gets the impression of a 
point.’’ He thinks he can use an experiment giving negative results as an 
argument against my views. By this generalization I have chiefly wished to 
emphasize that the recognition of metallic luster presupposes a readily per- 
ceived surface extension. I have not however assumed that each isolated part 
of a surface showing metallic luster must of itself show metallic luster. I have 
nowhere denied that the metallic impression can Ik* made subliminal by sj^ecial 
ratios of brightness or contrast, particularly if the amount of surface* is small. 
It is quite obvious that one may see no metallic luster if one shuts off by means 
of a diaphragm all but a small portion of a surface which as a whole shows 
metallic luster. In addition Katz has used a ‘polished’ brass surface and gives 
no distances. I believe t hat I have shown that metallic luster involves parallax. 
Each determination of parallax presupposes a base for the triangulation. The 
smaller this base, the less the distance at which parallax can l>e determined. 
The parallax for indirect vision, which I make responsible for the ‘true’ metal- 
lic luster, has a base of loss than one centimeter and consequently metallic 
luster can be detected only at comparatively short distances. When we think 
we recognize metallic luster, we are deceived by our ‘knowledge of the thing’ 
combined with the recognition of a ‘false’ luster, for instance, one depending 
upon unusual differences in brightness, and this luster does not depend upon 
parallax.” 

While one cannot agree with all of this, Kirschmann has made a very good 
point in insisting on the great importance of small areas of uniformity. A 
checker-board or a spotty effect is much more conducive to the sensation of 
luster, than when the dark and light portions are separated into two masses. 

“fiow does it happen that at an apparently plane or continuously curved 
matte or at least incompletely polished metal surface, the conditions arise 
for an effective parallax of indirect vision, i. e. for a parallactic relation be- 
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fween the eompoiients oi oro and the name narrowly limited Hheaf of rays. 
Here there are only two poF&ihilities: either the metallic surface is not really 
plane or continuously curved, but proves when examincHl by sufficient map;- 
nification, to consist of many differently oriented reflecting surfaces; or the 
light sent back by metallically lustrous substances is not reflected at all at th<‘ 
surface; but comes from more or less considerable depths. 

**The first of tlu'se twt) assumptions, tvhich s(»ems at first sight the mon* 
plausible encounters consid<»rable difficulties when we examine it more care- 
fully. It is impossible to see how the high intensity of metallic reflection is to 
be reconciled with this assumption, since wt must in this case ascribe to 
metals a practically zero transparency.' It must then be an opa(‘ity which 
is not due to absorption. Similarly the sufficiently fine powder of any opaque 
lustrous grains must show' metallic* luster. 

*^The follow'ing line of argumcuit tells against this assumption. If one 
polishes a medal surface, th(‘ mcdallic luster disappears — so far as direct recog- 
nition is concerned — in the same* measure as the polish approximates p(‘rfect 
n'flection. If the* refleedion is absolutely spc^cular, there can be no metallic 
luster, as w’C' hav'c previously shown clearly. In the polishing the relative 
positions of the* small mcdallic parti(*les in the* surface are changed considerabl>'. 
Th(* particles are crushed to some' (‘xtent and th(‘ intermc^diate spaces hec^ome 
fillcHl with th(‘ fragments and with the polishing agent, w'hereby, naturally, 
essential changes in the optical properties are brought about.- Through 
polishing th(*r(» are formed surface' films, similar to a thin liquid film, w’hich 
change' conside'rably the constants calculated from the obsei’vations on re- 
fle'edion. If metallic luster we're* nothing more than very intensive surface 
lustc'r at a microscopically thousand-fold face'tte'd surface, it must 1 k' elirnin- 
ate'el by polishing, ne)t onl\' so far as direct obse'rvation is concerned, which is 
the case*; but it must be' destrened cemiple'tedy. That, however, does not ha|)- 
pen, as we* have* inelicate*el previe)usly. It is true that with a medallie mirror 
no me'tallic luster can be rece)gnized lM*cause the complede'ly regular reflection 
l^rcvents anything be'ing vse'e»n except mirror image's e)f e)bjeH‘ts in front of the* 
mirror. Neve*rthe'le'ss the liglit thrown back has i)roperties, quite apaid from 
its high inte'iisity, wdiich a ne>n-me'tallic mirror, such as a w'ate'r mirror, elex's 
not have. One can awakem the slumbering medallie luster by ce)ating the 
medallie mirror with a thin film e)f a suKstance w hich transmits the light diffuse- 
ly, such as a matte, shave'd or grenind, thin she et of mica, or some other thin 
film which transmits light diffusedy such as a collodion film.® The effect is 
iK'tter the thinner the sheet and the finer the grinding. With an ordinary 
silver-amalgam mirror, one gets the full luster of the* silver, the glass film not 
affecting the phenomenon at all. The same tn*atment applied to a non- 
metallic mirror, black glass for instance, give's only a matte surface luster 

‘ There art* no absolutely transiiarent or opaque substance's since the amount of 
light let through is always a function of the thickness. 

* Druele: Wieel. Ann. 36 , 53a (1889). 

• Rayleigh: Phil. Mag. (6) 74, 423 (1917)* 
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something like fatty luster or the luster of graphite. It may be urged that the 
difference between metallic luster and fatty luster or the luster of graphite is 
only a difference in intensity; but it is easy to show that this is a false assump- 
tion. If one covers a metallic mirror and a black-glass mirror each with a thin 
film of a medium that transmits light diffusely (mica, gelatine, or collodion,) 
the differences in the reflecting power make the two surfaces which are now 
matte of very different brightness. By varying the illumination relatively, 
it is very easy to bring both to the same degree of brightness; but one then 
notices that the glass mirror only gives the luster of graphite, while the metal- 
lic mirror keeps the luster of matte silver, even though the illumination is very 
slight. 

'*If it is, therefore, very difficult to maintain the assumption that an un- 
polished metal surface behaves like a reflecting surface with a thousand facets, 
we must then adopt the second of the two suggestions for explaining the paral- 
lactic nature of the light reflected from matte metal surfaces, namely that the 
smallest particles of the metals are completely transparent grains having a 
very high index of refraction and probably crystalline. These are separated 
by empty spaces or by an optically much thinner substance. By smallest 
particles we understand of course the smallest masses which show all the 
physical-chemical properties of the metal, in extreme cases the physical 
molecule if there is such a thing, but not the chemical molecule or its constitu- 
ents, atoms, electrons, sub-electrons, etc. We have nothing to do with the 
microphysical and physical chemical nature of these particles and we therefore 
make no assumptions in regard to them. It is also quite irrelevant to our 
argument what assumptions people make over the transmission of light and 
especially at the surface of two media. The indisputable part of the wave- 
theory of light is the periodicity of the process .... 

^‘According to our assumption metals are the most transparent of sub- 
stances, though not necessarily the most permeable to light. The absorption 
seems to be very slight in them. The light only penetrates a shod, way because 
it is soon sent back by total and ordinary reflection at the surfaces of the small- 
est crystals in consequence of the high index of refraction. In the uppermost 
layer of crystals of this type, a portion of the incident light is reflected totally 
as in the case of the diamond. The light which has passed through the first 
layer, experiences a similar reflection in the second layer, and so on, until, after 
going through a number of layers, nearly all the light has been emitted in a 
direction differing by more than 90° from the angle of incidence. Quincke^ 
used to believe that light penetrated a measurable distance into metals and 
was reflected from the inside; but he thought that the depth of penetration 
was of the order of a wave-length. According to our view this depth is abso- 
lutely independent of the wave-length, since the thickness of the layer tra- 
versed by the light may be veiy much less than the actual path of the light, 
because of the probability of several total reflections sideways. Since t-he 
total path is only in exceptional cases an exact multiple of the wave-length, 


> Pogg. Ann. 119 , 378 (1863). 
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there is practically always a difference in phas(‘ from which there follows 
necessarily the elliptical polarization of the light reflected by metals, even 
when the light is only polarized linearly. Though this thickness may be less 
than one wave-length, there is a lower limit beyond which no metallic luster 
is possible. This occurs with very fine precipitates of silven- and with gold or 
iron in fine subdivision. On approaching this limit the metallic luster disap- 
pears gradually. 

^*The light reflected from a metallic surface consists therefore to a small 
extent of rays actually sent back from the surface, and to a much greater 
extent of rays which come out from the insides of the transparent metallic 
crystals after one or more total reflections. If the small metallic particles 
have a color, which must be faint owing to the high transparency, this must 
show in the reflected light. The color of gold or of copper is therefore the 
local [body] color of a transparent substance due to absorption. 

‘'On the other hand we assume that the light, which is transmitted by 
a thin metallic film, only passes to a very slight extent thi*ough the mass of 
the metal. It has mostly gone through the empty spaces bfdween the metallic 
crystals and has been n^flected from their sides. The color of the light, most 
of which has only been appanmtly transmitted and has not actually passed 
through the insides of the metallic particles, is thi*refore quite different from 
the body color of the metal. We therefore have the paradoxical result that the 
light which is apparently reflected by the metal is really transmitted light, 
while the light which is apparently transmitted is chiefly reflected! light. Since 
the appar<*ntly refle(‘ted light will always contain a reflected component, 
though a very small one,— coming from the outermost surface layer, and since 
the apparently transmitted light will always contain a small amount of actual- 
ly transmitted light, the body color of a metal and the color of the light ‘trans- 
mitted' by a thin film of the same metal will never be completel}" complemen- 
tary. The point of view here put forward, that the light has passed through a 
thin film of metal has been chiefly not in the metal itself, is confirmed by the 
experimental data on the refraction, and dispersion in such films. According 
to Kundt^ and du Bois and Rulxuis/* the eliptically polarized,^ transmitted 
light shows anomalous, in fact completely reversed, dispersion, the longer 
waves in the spectnim having apparently the highest, and the shorter waves 
the lowest, refrangibility. This effect must however occur if the light has 
passed through the interstices of a medium having a refractive index higher 
than unity, provided an uneven number of reflections has occurred. It has 
been found, however, that gold, silver, and copper are (exceptional in that they 
show normal dispersion. ITiey are therefore classified as metals with normal 
dispersion.* It was found that these three metals have an index of refraction 
less than unity. It is clear how^ever that here two reversals have compensated 

* Sitzungsber. Akad. Wiss. Berlin, 1888 , 255, 1387. 

» Ibid. 1890 II, 955. 

* Quincke: Fogg. Ann. 120, 559 (1863); 129 , 177 (1866). 

* Rubens: Wied. Ann. 37 , 269 (1889). 
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each other because a reversed dispei*sion is normal for substances with indices 
of refraction less than unity. Of course this low index of refraction is not that 
of the metal but of the medium in the ‘empty^ interstices. The analog}^ be- 
tween the behavior of metal and that of transparent substances having a high 
index of refraction has already been recognized by Airy and McCullough. If 
the small particles of the metals are transparent and hav; a higher index of 
refraction than diamond, we have got round the difficulty that shocked those 
investigators, that one must postulate considerable absorption for the diamond. 
Long^ago, people calculated the indices of refraction of the metals from meas- 
urements of polarization and found very high values, 3.06 for copper, 3.9 for 
gold, 4.86 for silver, etc. In flat contradiction with this are the low values, 
sometimes less than one, obtained from studying the transmission of light 
through thin metallic films. Our theory clears this up^ because the low indices 
of refraction are not the indices of refraction of the metals but of the medium 
between the 'smallest’ metallic particles. 

"Our assumption also explains the peculiar fact that the absorption in- 
creases much less rapidly than the length of path when light passes through a 
metal film at an acute angle with reference to the plane of the metal. It is 
also in good accord with our assumption that light receives an acceleration on 
passing perpendicularly tlu*ough a metallic film, just as though passing through 
an optically thinner medium, although the difference in path (according to 
Quincke is greater than the thickness of the metal film. According to our 
theory the light passes to an almost negligible extent through the metal itself 
and chiefly through the interstices and not by the shortest path through these. 
Quincke^ had also shown that when a transparent silver or gold film is placed 
in the path of two interfering sheafs of rays, a displacement of the interference 
bands occui-s which does not correspond to the displacements to be expected 
from strongly absorbing substances; but is what one would expect if the metal 
were an ordinary transparent substaiu^e, with an index of refraction less than 
one. This is exactly what follows from our theory. 

"In like maimer we can explain why the color of the light passing through 
the metal is not definite but depends on side factors which ordinarily have no 
special effect on the transmission color of absorbing substances. Silver, which 
is yellow by transmitted light, can be changed to blue by pressure alone. In 
the same way a gold which is red by transmitted light can be changed to green. 
If we were simply dealing with a slight change in shade, this would not be 
especially significant because other absorbing substances undergo slight 
changes in color. Here, we are dealing with a change which is almost to the 
complementary color. Similar color changes can be brought about by long 
exposure to the air or by contact with substances which can form no possible 
chemical combinations with the metal. Silver, which is blue by transmitted 
light, can be converted into yellow silver merely by contact with acids which 
do not attack the silver at all. The fact that the color of the transmitted 


‘ Pogg. Ann. 129 , iS6 (1866). 
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light can vary so much with any one metal — silver can be blue, violet blue, 
reddish violet, yellow, and gray, wliile gold can appear reddish, violet, brown, 
green, and bluish green — must convince us that we are not seeing the real 
color of the metal. According to our point of view, the color that we see is 
only the haphazard result of a number of refraction stages which have been 
turned, through total reflection, more than a right angle from the original 
angle of incidence and have eventually come out of the mental. The final 
result is of course dependent on Ae thickness of the metallic film, on the 
optical density of the medium in tne interstices, and on the change of refrac- 
tion at the outer medium. This accounts for the change in color through 
pressure or through contact with indifferent acids. 

‘^The real absorption or (transparent) body color of the completely trans- 
parent ‘smallest’ particles of the metaj is not the light transmitted by thin 
films of the metal but the coloi* of the reflect (‘d light. The single particles of 
gold or brass (there are no copper and zinc molecules in brass), an* very pale 
yellow and those of copp(*r an* tinged very slightly reddish. The full yellow 
or red color is the result of cuimilativt* absorption through many particles. 
The very faint color of the single transf)arent particles is also the reason why 
the few metals having a marked color, such as gold, copper and strontium, 
have so slight coloring power in alloys and amalgams. They behave like 
dilute glazing colors. They r(*mind one of such painter’s colors as carmine, 
sap green, and Prussian blue which would be almost black in relatively small 
pieces if th(*y had tremendous coloring power. If the color of the metals cor- 
responded to a covering body color, an (nitirely differt'nt b(*havior would b(* 
(*x}K*cted. 

‘‘We must now consider the previously-asked question, why we only ha\’(' 
r(*d and y(*llow nu*tals in at all saturated colors and not green, blu(*, and violet 
ones, in spite of the* fact that there is nothing to [nevent metallic luster ap- 
pearing with colors corresponding to the medium and shorter wave-lengths, 
as we can see with the artificially colored bronzes, with the natural, metallical- 
ly lustrous, birds’ feath(‘rs, etc. 

“If the small particles of the metals are transparent crystals with a high 
index of refraction, the rays of long wave-length will undergo total reflection 
less readily than those of shorten- wave-length, and will therefore penetrate 
deeper into the innermost parts of the metal before they are switched to a 
direction differing more than ninety degrees from the angle of incidence. If 
there is at the same time a selective absorption (which will be very slight for 
the single particles and not very much in all, because otherwise the metals 
could not show so high reflection coefficients), the loss of intensity will always 
be greater with the colors corresponding to the medium and shorter wave- 
lengths. They arc therefore absorbed more strongly. If a metal absorbs the 
shorter wave-lengths, the mean depth, from which the light comes that is ap- 
parently reflected, is relatively large and the absorption is relatively marked; 
the colors corresponding to the longer wave-lengths prc'ponderate markedly. 
If however the longer wave-lengths are absorbed, the mean depth of reflection 
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and therefore the loss in brightness anu^color are less. The behavior is entirely 
analogous to that of turbid media, in which, on account of the greater scatter- 
ing of the shorter wave-lengths, these latter predominate in the reflected 
light and the former in the transmitted light. According to our theory the 
light apparently reflected by the metals is really chiefly transmitted. We get 
the colors corresponding to the longer wave-lengths by ^reflection’ from the 
metals, just as by transmission through turbid media (red, setting sun). The 
shorter wavelengths have a chance to be seen only by ‘apparent transmission’ 
through the metals (corresponding to the reflected light of the blue sky).” 

This is all extraordinarily bad. Kirschrnann says, p. 6oi, that if metallic 
luster is due to reflection from the surface of the metal, the high intensity of 
metallic luster makes it necessary to ascribe to metals practically a zero trans- 
parency, which is impossible because there are no absolutely opaque sub- 
stances. This is merely a play on the word zero. While it is true that the 
physicists are very vague as to why we should have selective reflection, which 
is what we get with metals, there is no question in anybody’s mind but that 
selective reflection is intimately connected with intense absorption, of the 
light refletited selectively.^ If a dye in solution absorbs green strongly and 
appears purple by transmitted light, the solid dye is likely to reflect green 
light selectively. “Not all absorption bands exhibit the phenomenon of 
quasi-metallic reflection, and it is of interest to inquire into the conditions 
governing its appearance. Absorption results from resonance vibration of the 
electrons, but in some cases they throw practically all the energy back, and 
there is little or no true absorption.” This is perhaps what Kirschrnann had 
in mind when he says that “it must then be opacity which is not due to ab- 
sorption.” As a matter of fact, the metals do behave like very opaque sub- 
stances for certain wave-lengths; but there is quite a difference between 
extremely high opacity and zero transparency. 

We cannot tell some of the crystallized sulphides from metals by their 
outward appearance. Kirschrnann should have gone on and deduced that 
they were extremely transparent. A necessary consequence of his point of 
view is that many of the dyes are extremely transparent for the wave-lengths 
to which they are most opaque in solution. 

The paragraph, p. 6ot^ about awakening ‘the slumbering metallic luster’ 
of a polished metallic mirror is very misleading. Black glass is nothing like 
so opaque as a metal and consequently one not only gets less light reflected 
from it, but the light is reflected from varying depths and therefore gives one 
the sensation of vitreous luster, which Kirschrnann for some unknown reason 
calls fatty luster. Whiles nobody has ever tried it, it is practically certain that 
the difference would not have occuiTed if Kirschrnann had compared a metallic 
mirror with a suitable sulphide mirror instead of with a silicate mirror. Also, 
the statement about graphite is a half-truth. It is a perfectly simple matter 
to make a graphite surface which will look silvery, when viewed at a proper 
angle, and which cannot then be told from a metal. 

* Wood: “Phyweal Optics”, 4(9, 440 (1911). 
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Kirschmann postulates, p. 602, that “the smallest particles of the metals 
are completely transparent grains having a very high index of refraction/' 
It used to be considered that the metals had very high indices of refraction ; 
but no physicist believes that now so far as we can leani. In the same para- 
graph there is another unfortunate statement. “It is also quite irrelevant to 
our argument what assumptions people make over the transmission of light 
and especially at the surface of two media. The indisputable part of the wave- 
theory of light is in the periodicity of the process." The last of the two sen- 
tences is intended to show something; but it has no apparent bearing on any- 
thing, because there is nothing in Kirschmann's theory which is either helped 
or hindered by light being a periodic phenomenon. Except for the psycholog- 
ical effect Kirschmann might equally well have said that it is an indisputable 
fact that the Great Pyramid is in Egypt. 

Kirschmann assumes, p. 602, that metals are the most transparent of sub- 
stances, and that, in the uppermost layer of crystals, a portion of the incident 
light is reflected totally as in the case of the diamond. Now the striking 
characteristic of the diamond is not its metallic appearance. On the other 
hand one does get metallic luster with exfoliated mica; but this requires a 
laminated structure with very distinct air films between the mica plates. 
We do not get the effect with the mica until it has been heated. A suitably 
laminated diamond would undoubtedly be silvery, though there is apparently 
no record of such a stone having been found. There is also no evidence that 
cast metals have any laminated structure sufficient to give rise to the optical 
phenomena actually observed. 

Kirschmann's theory accounts for the elliptical polarization of light by 
metals, which is unfortunate, because the general opinion nowadays seems 
to be that elliptical polarization is not a characteristic of metals; but is due 
to an oxide film. Kirschmann is therefore in the awkward position of account- 
ing for the occurrence of a non-existent property. 

Kirschmann postulates, p. 604, that the apparent “low indices of refraction 
of the metals are not the indices of refraction of the metals but of the medium 
between the ‘smallest' metallic particles. Unfortunately he gives us no clue 
as to the nature of the ‘medium' having these low indices of refraction. We 
do not even learn whether there are different media in different metals. 

Kirschmann hails as a triumph for his theory, p. 604, the fact that the 
transmission color of silver may be blue, reddish violet, or yellow; and that 
of gold may be reddish [why not red?], violet, brown, green, or bluish green. 
He considers that these colors are the haphazard results of a number of refrac- 
tion stages; but he has entirely overlooked the fact that these color changes 
do not occur with massive gold or silver; but only when we have them in a 
granular or colloidal state. He is therefore accounting again for a non-existent 
phenomenon. If a theory only enables its originator to predict things which 
are not so, it cannot be considered a good working hypothesis. Kirschmann is 
apparently forced, p. 606, to consider all substances showing metallic luster 
as turbid media. That speaks for itself. 
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The remainder of Kirschmann’s paper deals with experimental data and is 
extremely interesting. **The test of the accuracy of the theory is easy to make. 
If metallic luster is parallactic in natui*e, the phenomena in question depending 
on the parallax of indirect vision, and if metals consist of very transparent 
particles, it must be possible to create metallic luster by means of non-metallic 
less highly refractive, transparent substances, provided we can reproduce t^e 
necessary conditions for the production of the parallax of indirect vision. Tlie 
light reflected from a point on the surface must consist of components having 
a difference of path sufficient to be important in the parallax of indirect vision 
and yet not so great as to give rise to the binocular and displacement parallax 
which we have with the ordinary surface luster. We cannot duplicate arti- 
ficially either the high index of refraction of the hypothetical, small, metallic 
crystals nor their arrangement in space of which we can only assume that 
within certain limits it cannot be changed optically by intermolecular processes 
(temperature change, etc.), at least, so far as our direct cognition shows. We 
cannot therefore duplicate the high reflecting power of metals artificially. We 
have seen previously that the great intensity of the reflected light is a very 
frequent accompaniment of luster in general and especially of metallic luster; 
but that it is not really essential to all true (parallactic) luster. We are there- 
fore justified in not attempting to duplicate metallic luster in its full intensity 
and we can confine ourselves to obtaining conditions for intensifying the paral- 
lax of indirect vision on an apparently homogeneous surface. The simplest 
way of doing this is to pile up enough thin plates which reflect on the front and 
back sides, the number of the plates being such that their total thickness does 
not give rise to any direct (binocular, etc), consciousness of depth. The thin- 
nest glass plates which can be obtained are much too thick for this purpose. 
Very thin, completely transparent, gelatine films, if combined in sufficient 
number, show a distinct metal-like luster. Excellent results can be obtained 
by using w^ater-clear mica. Mica can easily be split into films 0.010-0.005 mm 
in thickness or loss; but films 0.02-0.08 mm in thickness are the best because 
the thinner ones do not remain plane and are apt to stick together. Also, 
when they become too thin they begin to show interference colors, the colors 
of thin films, because of the difference in phase of the two reflections, one from 
the top and the other from the bottom of the film. If one piles up thirty to 
forty films, none over 0.02 mm or under 0.005 mm in thickness, the combina- 
tion has a luster like smooth tin. In such a sample and in tin also, we do not 
get pure metallic luster, but metallic luster plus surface luster. The surface 
luster can be eliminated easily by grinding a matte surface on the uppermost 
film thereby producing diffuse reflection. We then get the true metallic 
luster of matte silver. The matte-grinding can be done most easily by shaving 
with a sharp knife and then rubbing the surface with mica powder and oil or 
vaseline. Different grades of surface roughening can be obtained by a coarser 
or finer shaving. One can even imitate file-marks, etc, very successfully. If 
the mica was colored to some extent originally, the color of the pseudo-metal 
will vary similarly from a pure white. There is a sort of very brown mica. 
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which gives a preparation having a bronze color. To imitate differently colored 
metals 1 have previousl}"’ used ready-made, colored gelatine sheets such as are 
made for light-filters, etc. This commercial gelatine is however colored too 
strongly, liesides not occurring in the right shades. It is also rather too thick 
and usually somewhat lacking in transparency. I have therefore worked out 
another process which gives much better results. By dipping sheets of mica 
in a bath, 1 coat them with a very thin film of slightly colored gelatine. I’he 
sheets remain completely transparent and the color can be varied at will both 
as to int(‘nsity and shade. By a suitable choice of the color and number of 
these sheets, it is possibk* to imitate in an extraordinary fashion the red and 
the yellow metals, and also the more delicate shades of the iu‘arly colorless 
ones. A nuinbei- of samples of these pseudo-metals can be seen at any time 
in the author \s laboratory in the Psychological Institute of the University of 
Leipzig. 

^^Nature produces colors in the same way, quite apart from the previously- 
mentioned, metallically lustrous colors on animal bodies, in the metallically 
lustrous gall-stones which are not interference colors due to the thinness of 
superposed laminae deposited from urine as Briicke assumed; but arc the 
result of the f>arallactic relations which we have l)een discussing. This is 
probably also th(‘ case with the apparently golden te(»th of many chamois 
which are wont to drink the Alpine w^aters, containing (piite an amount of 
sparingly soluble calcium and magnesium salts. The numerous thin films of 
the urine deposits and of the salt precipitated on the teeth bidiave exactly like 
our thin sheets of mica. Mica, which has been separated a little by weathering 
has a certain luster like silver which has caused it to l>e known as cat silver. 
After pi(‘ces of mica have becui heated white-hot, they show metal-like luster. 
Metallic luster obtained in this way is by no means so good as that- in the mica 
samples just described. 

“The metal-like luster on the surface of many strongh'-absorbing dyes like 
fuchsine, carthamiiu*, indigo, and cj^anine must not be overlooked. This 
luster is due to the fact that light is reflected from different depths. The differ- 
ence in depth of the different components is probably much less than in the 
real rnelallic luster, which is why the effect is less intense. On account of the 
very strong absorption, the reflection is very weak in comparison wdth that of 
metals. There is another great difference Iwtween these metallic-like, lustrous, 
surface colors and the colors of metals. The latter are, as we have explained, 
the actual Ijody colors of transpaient substances. Thej’ correspond therefore 
to the red of the fuchsine and the blue of the indigo, to th<‘ light transmitted 
by these substances. The colors of the solid dyes are real surface colors and 
represent that portion of the untransmitted light which is not absorbed but is 
ixifleeted from the surface layers for some reason. These colors correspond 
therefore to those transmitted by thin metal films. In accordance with this 
reversal of the relations are the phenomena of anomalous dispersion. While 

^Wundt’s Philosophische Studien, 11, 147 (1895). 
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those consist in the metals in a simple reversal of the order of the colors, which, 
according to oiir view, may not be abnormal, the highly absorbing dyes with 
the metal-like surface luster, show typical anomalous dispersion with charac- 
teristic absorption bands and with the change in the refractive indices at the 
limits of the absorption bands. I should like also to call attention to the fact 
that the peculiar luster of these substances is more like the metallic luster of 
animal bodies than like that of the actual metals or that of the mica prepara- 
tions.” 

The mere fact that so much of what Kirschmann says is wrong in not in 
itself conclusive pi-oof that he is wrong throughout. His chief thesis is that 
metallic luster is due to the parallax of indirect vision, which sounds well but 
is not especially helpful. It is apparently based on Wundt’s theory that luster 
occurs when one sees or thinks one sees one image behind another. If that 
proves wrong, eveiythiug goes. That question will be considered in the second 
paper. Whether right or wrong, Wundt’s point of view seems to have very 
little pragmatic value because nobody, not even Kirschmann, has applied it 
to the different cases of metallic luster which actually occur, nor has anybody 
showed that it can be so applied. 

It was not possible to ignore Kirschmann ’s paper in spite of its many errors 
because Kirschmann is a pupil of Wundt’s and a professor in the psychological 
institute at Leipzig, and because Wundt has spoken approvingly of his earlier 
work which was along the same line as the 192 1 paper. In other words Wundt 
was apparently behind Kirschmann and Wundt’s name is one to conjure with. 
In fact, Kirschmann’s paper was called to our attention by a professor of 
psychology' as representing the very latest thing in the way of scientific prog- 
ress in the study of metallic luster. Of course that was an exaggeration; but 
Kirschmann’s paper never could have been published if anybody had realized 
how extraordinarily bad it is. It was therefore necessary to justify our opinion 
at some length. 


Cornell Univermly. 



THE MOLECULAR LOWERING OF THE FREEZING POINT OF 

LIQUID AMMONIA* 

BY LOUIS n. ELLIOTT 

Introduction 

The development by Franklin and coworkors of the ammonia system of 
compounds in which liquid ammonia occupies a position analogous to water 
in our familiar water system has opened up an extensive field of research. 
Step by step the parallel relationships between ammonia and water have been 
brought out by numerous investigations of reactions in liquid ammonia as a 
solvent and through studies of the physical properties of this remarkable 
substance.® 

It was for the purpose of contributing to our knowledge in the latter field 
that the work upon the molecular lowering of the freezing point of ammonia 
was imdertaken. 

No direct determination of the freezing point constant has hitherto been 
made. From the fact that the boiling and freezing point constants for water, 
5.2 and 18.6, respectively, are relatively very low, and that the boiling point 
constant for ammonia,'* 3,4, is the smallest known we should expect the 
cryoscopic constant for ammonia to be even smaller than that of water. 
MassoFs^ value of 1838 calories per gram molecule for the heat of fusion of 
ammonia and that of de Fourcrand and MassoP of 1950 lead to the calculated 
values of 7,1 and 6.6, respectively, for the molecular lowering of the freezing 
point of ammonia. The work of Rupert® and that of Postma^ on the freezing 
point curve of the system water-ammonia, though not involving precise 
differential temperature measurements do, however, indicate a value, in the 
case of water as solute at least, only slightly under 10 for the more dilute solu- 
tions measured. 

Thermometry 

A consideration of the thermometric methods available in low temperature 
measurements led to the conclusion that platinum resistance thermometry 
would lend itself most satisfactorily to the accurate measurements of small 
temperature changes in the temperature region involved. 

> From a thesis presented to the Department of Chemistry and the Committee on 
Graduate Study of Stanford University, August 1923, in partial fulfillment of the require- 
ments for the degree of Ph.D. 

* Some of the important papers in connection with this development are: Franklin 
and Kraus: Am. Chem. J., 20, 820 (1898); 23 , 277 (1900); Franklin and Stafford: 28 , 83 
(1902); Franklin and Cady: J. Am. Chem. Soc., 26 , 499 (1904); Franklin: 27 , 820 (1905); 
Franklin and Kraus: 27 , 191 (1905); Franklin: Z. physik. Chem. 69 , 272 (1909); Franklin: 
Am. Chem. J,, 47 , 285 (1912); Franklin: J. Am. Chem. Soc., 44 , 185 (1922). 

* Franklin and Kraus: Am. Chem. J., 20, 836 (1898). 

*Compt. rend. 134 , 653, (1902). 

• Compt. rend. 134 , 743 (1902). 

• J. Am. Chem. Soc., 32 , 748 (1910). 

^Rec. trav. chim., 39 , 515 (1920). 
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As no suitable resistance thermometer was available it was thought worth 
while to design one suitable for accurate measurements under the conditions 
involved which could be constructed out of materials at hand. Although 
nearly all successful forms of platinum resistance thermometers have been of 
the mica cross type^ it was thought advisable to discard the mica cross feature 
and to construct a glass core thermometer which could be made )>y a glass blower 
with the fewest materials possible. Since the practice of imbedding the wire 
by fusion into the glass core as in the Heraus and de Leeow type instruments^ 
is undesirable from the standpoint of possible strains® in the winding it was 
decided to wind the wire loosely upon a glass core and protect it with a glass 
sheath. 

Thermometer No. 4 which was used throughout this investigation was 
constructed as follows: For the core A, Fig. i, ordinary soft glass tubing eight 
millimeters outside diameter, coated with paraffin, was placed in a lathe and 
double threads fifty to the inch, cut through the wax. By 
0 ^ etching with h^’^drofluoric acid very satisfactory threads 
I " jtf/v 2 b<p were obtained. The thermometer core 

was made from a section of this tube^ about four centi- 
meters long which was fused shut at one end. The 
platinum resistance wires, fused to the silver lead- wires 
L'* (shown without their protecting tubes), threaded 
^ through the two small holes F situated 2.5 centimeters 

^ ® position by two minute drops of fused 

lead glass were non-inductively wound upon the threads 
etched in A. The ends of the resistance wires were then 
A fused together and held in position at E by means of 

droplets of fused lead glass. The silver lead-wires were 
— C insulated from each other by placing in narrow bore thin- 

Fi(i. 1 walled glass tubes. To obviate air currents up and down 
the stem of the thermometer these three tubes passed 
through a small cork (not shown in Fig. i) of such a diameter as to fit snugly 
in the glass stem tube B. A thin-walled glass sheath C of the same diameter 
as B (2 cm) was placed over the core and sealed to B at H leaving an air 
space around the core tube of about one half millimeter thickness. The 
platinum resistance element on the core consisted of approximately 100 
centimeters of pure platinum wire 0.0075 millimeters in diameter the length 
chosen being such that the resistance of the thermometer at o® would be in 
the neighborhood of twenty five ohms. With such a resistance a reading of 
0.0001 ohms on the bridge employed would correspond to approximately 
0.001®. The wire was flash annealed before and after winding. Within the 


1 Callendar: Phil. Mag., 32 , 104 (1891); T. S. Sligb: Bur. Standards, Scientific Paper 
No. 407 (1921); J. Am. Chem. Soc., 43 , 470 (1921). 

* De Leeow: Z. physik. Chem., 77 , 304 (1911). 

® Sligh; loc. cit. 

^ W. Siemens: Proc. Roy. Soc., 19 , 351 (1871); Waidner and Burgess: Bur. Standards 
Bull. 6, 152 (1915). 
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glass head D, fitted over the stem tube B with sealing wax, the silver 
leads were soldered to insulated stranded lamp cord wires which scrvi'd as 
the three external leads to the bridges Entrance of these external leads to 
the head was effected through three holes in the side of the latter made 
tight with sealing wax. The total length of the thermometer wiis about 35 
centimeters. Resistances were measured upon a five-dial Leeds and Northrup 
Muellertype precision temperature bridge* using a highly sensitive d^Arsonval 
mirror galvanometer with lamp and scale. The bridge having Ixjen adjusted 
to accuracy by the manufacturers was not further calibrated for this work. 

Resistance — Temperature Relationships 

Between '~4o°and +1100° tlu* relationship between temperature and the 
(‘lectrical resistance of pun^ aniu'aled platinum is accurately expressed by 
Callendar’s parabolic equation of the form: R = Rt»(i +at+i8t‘").“ Below aj>- 
proximately —40® the relationship begins to deviate from this law. 

From H(uining’s calibration'^* of a platinum resistance thermometer against 
a hydrogen thermometer it was shown that th(' abov(^ equation gives tempera- 
tures 0.08° too low at — 78° and over 2° too low at — 193°. The curvature of 
the deviation curve at —77°, that is, the rate of (diang(‘ of deviation from tlu' 
('allendar formula is too great to allow of th<' use of iiiterfiolated corrections 
in this temperature region. 

Rather than attcuufit to usi' any of the several (‘(|uations of higher degre(‘ 
it was decided to mak(‘ use of a relationshif) found by Henning connecting the 
resistance of any two tlKUTuometers. In order to use this relationship it w^as 
necessary to calibrate' our thermometer at only one point, pn'ferably at liquid 
air temperature, oth(*r than the' ice and steam points. From the value for the 
resistance at 0° (lo) we could derive the resif^tance ratio (Rd of our thermometer, 
that is, the ratio of it s resistance' (i^ ) at a specified temperature to its resistance 
(I’o) at 0°. Henning carefully calibrated a standard platinum resistance ther- 
mometer, P. T. R. No. 32, against a hydrogen thermometer in the interval 
between — 193° and +7° thus connecting the resistance ratio (R) of his ther- 
mometer to temperature. It now only remained to find a functional relation- 
ship between th(' resistance ratio of our thermometer and that of No. 32. This 
was accomplished by using the relationship found by Henning to exist be- 
tween the resistance ratios of any two thermometers expressed by the formula: 

(i) Ri-R = M(R~i)+N(R~t) 2 , in which 

M ~ - (i — looc) — I, and 

a 

N= 

a* 

^ For a description of this type of bridge sec Mueller: Bur. Standards Bull. 13 , (1917); 
Waidner, Dickinson, Mueller and Harper: Bull. 11 , 571 (1915)* 

2 Callendar: Phil. Trans. 178 A, 161 (1887); Sligh: loo. cit. 

® Henning: Ann. Physik, (4) 40 , 635 (1913)- 
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a and ai are the fundamental coefficients of No. 32 and our thermometer, 
respectively, obtained from ice and steam point calibrations. 

(2) a= — — in which rioo~ resistance at 100®. c, a con- 

loor© 

stant determined by calibration of our thermometer at liquid air temperature 
is found by means of the equation : 


(3) 


Ri — I R — I 

ai a 

R-i /R-i V 

a V a / 


This may be put into a more convenient form by using the concept of *‘plat- 
inum temperature” (pt) which is related to resistance by the linear equation: 


(4) pt==ioo-^^^ — Tt being the resistance at the temperature in 

rioo — ro 

question. Equation (3) now becomes: 

(5) c== — - in which pti = platinum temperature of our 

pt(pt— 100)/ 

thermometer and pt = platinum temperature of standard thermometer. Hav- 
ing determined Ri experimentally R may be calculated and the corresponding 
temperature obtained from Henning^s table of values of R.^ 


Calibration of the Thermometer 

The steam point of our thermometer was determined by the usual hypso- 
meter method.^ The value for the resistance at 100® (rioo), 32.3433 :±: 0.0004 
ohms was arrived at by averaging five values, corrected to standard condi- 
tions, obtained on five different days, and calculating the probable error. 

The ice point was determined as follows; an ice sheath of inside diameter 
slightly larger than the diameter of the thermometer was made from distilled 
water and the sheath surrounded with shaved commercial ice. The sheath 
was filled with distilled water cooled to 0° and the thermometer inserted. 
From a series of thirteen readings agreeing to within 0.002 ohms the value for 
the resistance at 0° (r©) was determined to be 23.2811 ohms with a calculated 
probable error of 0.0001 ohms. Upon recalibration at the ice point after six 
months the resistance was found to be unchanged. From these two calibra- 
tions the characteristic constants for thermometer No. 4 were derived, F. I. 
(fundamental interval), rioo~ro, was found to be 9.0622 ohms and a, the fun- 
damental coefficient, F I/ioor© is 0.003892. The fundamental coefficient of a 
platinum thermometer is a criterion of the purity of the platinum and should 
not be less than 0.00388.'"* 

* Ann. Physik, (4) 40 , 635, Table 9. 

* Winkelmann: Handbuch der Physik, 3 , 1, 22. 

* Bur Standards, Scientific Paper No. 407, p. 52. 
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The calibration at liquid air temperature was carried out by the vapor 
pressure method of Henning' for the boiling point of liquid oxygen, the oxygen 
being purified by the method of von Siemens^. As the temperature of the 
liquid air bath surrounding the bulb of liquid oxygen rose slowly a series of 
vapor pressure readings for the oxygen were taken as shown in the table 
below. The pressure readings were made upon a wood scale calibrated with a 
cathetometer. 

Corrected 


Time in 

pressure 

Resistance 

Calculated 

minutes 

in mm. 

in ohms 

temperature 

7 

331-8 

s -0936 

— 190.22® 

22 

335-9 

5 - 1030 

— 1 90 . 1 1 

31 

337-8 

S-II3S 

— 190.06 

37 

337-8 

5.1148 

— 190.06 

41 

339-3 

5 -1158 

— I go. 04 


The temperature was calculated from the vapor pressure equation of von 
Siemens : 

logp=-^ +i .7s1orT-o 01202 T+5. 0527, 

in which p~ pressure in millimeters and T = absolute temperature. 

Solving equation (5) 0 = 5.01 XIo"^ N therefore becomes negligible and 

drops out of equation (1), and M becomes — o 0056, hence R = 

0.9944 

To expedite conversion of resistance to tiTnperature a table of corresponding 
Rt values covering the rang<* of temperatures involved was made, thus allowing 
the temperature <*orresponding to Ri to be read off from our table directly. 

Description of Apparatus 

The apparatus as finally adopted and used throughout the work is shown 
diagramatically in Fig. 2. The Dewar vessel A, the inside dimensions of 
which were 33X8.5 centimeters served as a container for a cooling bath of 
petroleum ether. The receptacle for holding liquid air, the refrigerant em» 
ployed, was a pyrex bulb B suspended in the ether bath by its entrance and 
exit tubes C and CV, respectively, which passed through the cork stopper F as 
indicated. The lower half of bulb B was made double walled though not 
evacuated, A preliminary bulb, double walled nearly to its top did not permit 
of rapid enough heat transfer, while with the bulb adopted the temperature 
of the bath and apparatus could be quickly reduced to the desired region by 
keeping it full of liquid air. When maintaining a constant temperature a little 
liquid air in the lower part was suflScient. The freezing cell D (28X3 centi- 
meters) is shown in place, separated from the bath by its air mantle tube E. 
This gave an air space around D of five millimeters thickness which was found 
to give a very satisfactory rate of cooling. The side tube of the cell was closed 

1 Ann. Physik, (4), 43, 282 (1913); Bergstrom: J. Phys. Chem., 26 , 363 (1922). 

* Ann. Physik, 4 ) 42 , 871 (1913)- 
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with a phosphorus pentoxide drying tube. The petroleum ether was agitated 
by means of a very efficient stirrer (omitted in Fig, 2) consisting of a brass 
cylinder (25X2 centimeters) within which a rapidly revolving brass rod 
equipped with small propellor blades at three intervals drew the liquid in 
through apertures near the bottom and forced it out at the top of the cylinder 
near the surface of the ether bath. The temperature of the bath was observed 



on a pentane thermometer (not shown in the figure ) passing through stopper 
F. Passing through the cork stopper Q of the freezing cell were the resistance 
thermometer, G, a platinum stirrer (omitted in the figure), and the small tube 
H of capillary dimensions for introducing the solvent. The platinum stirrer 
consisted of a stiff platinum rod which passed through the mercury seal as 
indicated at I and extended to the bottom of the freezing cell. Near the lower 
end three platinum rings were fastened to the rod in a horizontal position at 
intervals in such a way as to thoroughly stir the ammonia solutions. The up 
and down motion of the stirrer was effected by means of a suitable pulley 
belted through gear reducing wheels to a motor. In order to melt the crystals 
of ammonia after each freezing point reading, a coil of platinum wire was fused 
into the bottom of the freezing cell, the copper leads to which it was soldered 
passing up through the air jacket and to the outside between R and D. A 
coil of No. 30 enameled manganin wire about 60 centimeters long, was wound 
around the upper portion of the cell so that heat might be applied to loosen 
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slight crusts of ammonia crj^^stals which tended to form at- the surface of the 
ammonia. The three terminal wires from these two separate heating coils 
were attached through suitable switches, a variable rheostat and ammeter to a 
source of potential. 

The calibrated ammonia-filling pipette J was attached by means of the 
two-way stopcocks L and K to the tub(\s () and O' in such a manner that dry 
air could be by-pass(Ml around J thiough stopcock S and allowed to circulate 
through the freezing cell or could he made to fon^e the ammonia sample from 
J into the freezing cell. The Dewar tube M containing commercial ammonia 
was used as a bath for J when distilling dry ammonia from a ten-pound steel 
bomb into J through O". Before attaching to the apparatus by fusing at 0 
and O' the filling pipette* J was calibrated with w^ater and its volume to the 
ti]) of the pointer P found to be 80.8 cubie* centime*ters. Assuming the density 
of liquid ammonia at —33.3° to be 0.682,* the weight of the ammonia to the 
pointer while surrounded with a boiling ammonia bath was calculated to be 
55 . T grams. 

The three lead wire's from G were* connected w^ith the bridge and galvanorn- 
(‘ter and the* readings made as described in connection with the calibration of 
the* theTmonu'ter. After each run the introductory tube was severed at H and 
the* apparatus elisassembleel for cleaning. After reassembly preparatory to a 
new I’un the intreieluctory tube w’as rese'alenl to the* pipette and the two corks, 
Q and R, made tight with paraffin. 

Purity of the Ammonia 

The ammonia use'd as the* solvent in this inve\stigation was prepare'd as 
feillow’s: liquid anunemia from a tank of orelinary cemunercial ammonia was 
distilleel into the ten pemnel ste*el tank containing se)elium amide. The tank 
was connected te) J by a leael tube fastened to the glass at O" by means of 
sealing wax. Midway of the lead tube a short piece of glass tube containing 
a little ignited asbestos was interposed to trap any material that might carry 
over mechanicalh\ After distilling into J the doubly distilled product was 
considered to be pure and dry.*-' During the course of the work several new 
lots from the same tank of commercial ammonia were taken and once an 
entirely new lot was drawn from another cylinder. In no instance could 
any effect upon the freezing point be detected by the change of source of the 
ammonia. 

Mode of Procedure 

Each run consivsted of freezing {loint measurements in increasing concentra- 
tions of one solute preceded in each case by a determination of the freezing 
point of the pure solvent. After filling the Dewar vessel A, Fig. 3, with the 
bath liquid through a siphon tube inserted through the stopper F (omitted in 

1 Fitzgerald: J. Phys. Chem., 16, 654 (1912); Cragoc and Harper: Bur. Standards, 
Scientific Paper No. 420 (1921). 

‘Franklin and Kraus: Am. Chem. J., 23, 285, (1900). 
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the figure) and starting the bath stirrer, a large vacuum bottle serving as the 
liquid air reservoir was connected to the inlet tube C by means of a double 
walled tube evacuated between the walls. Stopcocks L and K were turned to 
communicate with O*' and N, respectively, and a slow stream of ammonia gas 
passed through J to sweep out moisture and air. The gas passed out through 
a rubber tube fastened to N and was caught in a water bottle. At the same 
time air from the phosphorus pentoxide drying train was passed by way of S 
and H into the bottom of the freezing cell and the current of air maintained 
while the temperature of the system was being lowered by pumping liquid air 
into B. In preliminary experiments in which this stream of dry air was omitted 
there was invariably a deposition of water and consequent ice formation upon 
the wall of the freezing cell during the cooling period. While cooling was in pro- 
gress stopcock K was closed and the ammonia bath M brought up around J at 
the same time. Ammonia from the bomb was then passed into J more 
rapidly until the pipette was filled to the pointer with the condensed ammonia. 
Stopcocks L and K were then both closed, M withdrawn, and a similar tube 
substituted containing petroleum ether temporarily borrowed from A at a 
temperature of about — loo®. After the ammonia was cooled well below its 
boiling point, the three stopcocks were so manipulated that liquid ammonia 
w'as forced into the freezing cell by air pressure. The ammonia was carried to 
the very bottom of the cell and the small amount of vapor momentarily escap- 
ing before the exit was covered was immediately frozen upon the wall of the 
cell. When transference was complete stopcocks L and K were closed and the 
ammonia was brought down to its freezing point. The platinum stirrer was 
started when the solvent was transferred to the cell and a uniform speed of one 
stroke per second maintained by means of a rheostat interposed between the 
actuating motor and the stirrer. The length of the stroke was so adjusted that 
the column of liquid was well stirred the whole of its length by the stirrer rings. 

It was found by experience that the best rate of heat transfer was obtained 
by holding the bath temperature in the neighborhood of —88° to —93®. The 
supercooling throughout the work never amounted to more than 0.2°. No 
corrections for concentration due to separation of solid ammonia have been 
made for the reason that the small amount of observed supercooling taken in 
connection with the exceptionally high heat of fusion of ammonia gave a 
corrected value without significance. The lag of the thermometer was very 
slight, the galvanometer responding to the appearance of crystals within a few 
seconds. The temperature rise from the lowest reading to the maximum 
required usually from three to five minutes. It was noted throughout that 
in the case of the pure solvent the crystals formed had a tendency to adhere to 
the stirrer or to one another in the bottom of the ceU. On the other hand even 
from the most dilute solutions employed ammonia crystals separated which 
did not show this tendency and were easily kept in motion throughout the 
liquid by the stirrer. 

In determining the freezing point of the pure solvent and of the subse- 
quent solutions, several readings were taken, melting and recooling between 
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each reading. The application of about forty watts of energy to the lower coil 
for a few seconds usually sufficed to melt the crystals. Although the surface 
of the ether bath was held at different levels at different times above that of 
liquid in the freezing cell no effect was noticeable upon the readings. It was 
usually kept, however, about two or three centimeters above that of the con- 
tents of the cell. 

Liquid solutes were introduced through the side tube by means of an 
Ostwald pipette taking precaution that each drop reached the surface of the 
liquid in the cell. Solid solutes when readily soluble or when small in quantity 
were added in pellet form. For the larger quantities of solute the small 
weighing tube A, Fig. 3, was utilized. The tube 
B, over the lower end of which was fitted the 
rubber tube C, was weighed with A and the 
stopper D. When introducing the solute into the 
freezing cell the tube B was inserted into the side 
tube so that C reached nearly to the surface of the 
liquid and the material from A allowed to pass 
through B and C directly into the solution. After 
withdrawing B and C and allowing the moisture 
condensed upon the cold tube to evaporate they 
were again weighed with A and the weight of the 
sample thus obtained by difference. In weighing 
out the larger quantities of solute where it was 
only necessary to weigh to the fii-st or second 
decimal this method proved very satisfactory 
and entirely obviated the possibility of solid 
solute adhering to the sides of the cell. 

To avoid radiation of heat through the 
Dewar vessel A containing the petroleum ether 
bath the former was surrounded by a black cloth 
while readings were in progress. In order to 
ascertain what effect possible dissolved gases might have upon the freezing 
point air in one instanc^e was passed through the ammonia in the cell for five 
minutes. The subsequent freezing {loint reading agreed with the previous 
reading to within 0.002®. 

Accuracy of the Measurements 

In considering the accuracy of temperature measurements distinction must 
be drawn between the absolute accuracy of the temperatures measured and the 
accuracy of the temperature differences in any one set of measurements. 
Henning^s functional relationship^ between resistance ratios gives tempera- 
tures which are accurate to within about 0.02®, However, the accuracy of 
the temperatures obtained in the calibration at the boiling point of oxygen, 
the least accurate of the calibration points, is about 2bo.o3® and this figure 

^ Loc. cit. and Ann. Physik, (4) 43 , 282 (1914). 
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may be considered to represent the absolute accuracy of our measurements. 
Since the measuring instruments employed were sensitive to differences of less 
than 0.001® the limiting factor in the accuracy of temperature differences 
becomes the closeness with which conditions may be controlled during any 
one run. It was found that duplicate readings usually agreed to within 0.0004 
ohms. Taking into account the number of duplicate readings made the ac- 
curacy of the temperature differences is approximately 0.002®. 

Freezing Point of Ammonia 

Since each run was preceded by a determination of the freezing point of the 
pure solvent a series of forty such determinations were obtained whose range 
of values is shown in the distribution table below. The first column gives the 
total temperature range of observed freezing points divided arbitrarily into 
ranges of 0.0 1®. The second column shows the number of times the freezing 
point measurements fell into that particular range. From the table it is seen 
that twenty-nine out of the forty observations agreed to within 0.04®. The 
average of the forty freezing point temperatures is —77.726®. Taking into 
account the absolute accuracy of our temperature measurements the value for 
the normal freezing point of liquid ammonia is found to be —77.73®o=t:.o3®. 
Employing a platinum resistance thermometer and the regular Callendar 
formula with Henning\s corrections the U. S. Bureau of Standards* deter- 
mined the temperature at the triple point to be —77.70®. Bergstrom*^ calcu- 
lated the temperature at the triple point from vapor pressure data to be 
-77.9®. 

Table of Freezing Points 


Range Frequency 

— 77.680®, to — 77.689® I 

.690 ” .699 2 

.700 .709 6 

710 .719 7 

.720 .729 7 

•730 .739 9 

.740 ” .749 2 

•750 .759 3 

.760 .769 1 

•770 '' .779 2 


Results of Measwements 

The order of accuracy of the measurements of temperature differences 
made the determination of the freezing point constant in concentrations of less 
than about 0.006 moles per 100 grams ammonia impracticable. The lower 
concentrations employed are of the same order of magnitude as those employed 
by Franklin and Kraus® in their work on the boiling point rise of ammonia 


* McKelvy and Taylor: Bur. Standards, Scientific Paper No. 465 (1923). 
2 J. Phys. Chem., 26 , 367 (1922). 

® Loc. cit. 
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In the case of nearly every solute two and sometimes three or more series of 
measurements were made, each series being one day^s run consisting, as pre- 
viously indicated, of the determination of the freezing point of the solvent 
followed by the freezing point determinations of the solutions of the particular 
solute under study in increasing concentrations. Tables i to 9, inclusive, 
show the results upon such substances as might be expected to give fairly 
normal values for the constant at least in the lower concentrations. Table 10 
to 16, inclusive, give the data for substances expected to show some dissociat- 
ing effect of the solvent upon t he solute. In the headings for the columns of the 
tables, g = grams of solute used, M = one hundredths moles per too grams 


Scries 

K 

Table I 

Urea 

M 

dT 

K 

A 

I 

0 196 

0 . 593 

0 062° 

10 . 5 

E 

1 

0 . 209 

0.634 

0.059 

9*3 

B 

I 

0.216 

0 651 

0 066 

10. 1 

D 

1 

0.21Q 

0 . 663 

0.062 

9-4 

D 

2 

0 361 

1 .00 

0 lOl 

9-3 

E 

2 

0.407 

1 .23 

0.113 

9.2 

A 

2 

0.440 

1-34 

0.135 

10. 1 

U 

3 

0.680 

2 06 

0. 190 

9.2 

B 

2 

0 691 

2 TO 

0.201 

9.6 

E 

3 

0.697 

2 . II 

0 . 201 

9-5 

V 

1 

0.734 

2 .23 

0.218 

9 8 

A 

3 

0-758 

2.30 

0.231 

10. 1 

E 

4 

1 .006 

3 03 

0.275 

9.1 

A 

4 

1 .i8 

3 56 

0.339 

9.5 

D 

4 

1 . 18 

3 56 

0.328 

9.2 

E 

5 

I- 5 I 

4.57 

0.409 

8.9 

B 

3 

T -57 

4-75 

0.449 

9.5 

C 

2 

1 .88 

5-71 

0.524 

9.2 

T ) 

5 

2 .00 

6.06 

0 542 

9.0 

A 

5 

2 13 

6.43 

0.591 

9 2 

B 

4 

2.32 

7 03 

0.677 

9.7 

E 

6 

2.50 

7-58 

0.655 

8.7 

B 

5 

2 .82 

8.53 

0.821 

9.6 

D 

6 

3 07 

9.29 

0.815 

8.8 

C 

3 

3-40 

10.31 

0.902 

8.8 

D 

7 

3 56 

10.8 

0.919 

8-5 

E 

7 

3.99 

12 . 1 

1 .014 

8.4 

D 

8 

4.05 

12.3 

103 

8.4 

E 

8 

4.62 

14.0 

^ 15 

8.2 

E 

9 

4-94 

150 

1.23 

8.2 

C 

4 

6.08 

Solubility exceeded. 
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solvent, dT, the observed depression of the freezing point and K, the molecular 
lowering of the freezing point. The weight of solvent in all cases was 55.1 
grams. The value for K was calculated by the equation: 

K - solvent used X mol, wt. solute X depression 
gm. solute X 100 

The results upon each solute are tabulated in the order of increasing concen- 
tration irrespective of the order of series so as to bring out more clearly the 
agreement between results of different series. Series are indicated by letter 
and the individual measurement by number. 

Soon after adding C 4 it was observed that the solubility was exceeded 
and as the temperature continued to fall more urea precipitated until the 
cryohydric point was reached. From the observed reading at this point and 
assuming a value for K of 8 at this concentration the concentration of the 
saturated solution was calculated to be approximately 9.5 grams per 100 
grams of ammonia at the cryohydric temperature, — 78.9®. In a similar man- 
ner the solubilities of some of the other solutes in ammonia at low tempera- 
tures were obtained. 

The urea employed in Series A was a sample of Kahlbaum^s second grade 
dried in a desiccator. For Series B the same sample was recrystallized from 
amyl alcohol, the last traces of the latter removed with ether, the sustance 
recrystallized from absolute alcohol and dried in a vacuum desiccator. In the 
remaining series a sample of Kahibaum’s ‘‘Speciar^ obtained before the war 
was employed. 


Table II 
Ethyl Alcohol 


Seni's 

g 

M 

dT 

K 

A I 

0.280 

I . TI 

0 

>.4 

0 

1 1 . 1 

B 1 

0.397 

1.56 

0.163 

10.4 

B 2 

0.602 

2.38 

0.237 

10. 0 

A 2 

0 . 663 

2 .61 

0.253 

9 7 

A 3 

I. 41 

5-57 

0.542 

9.7 

B 3 

2.47 

9.76 

0.924 

9-5 

A 4 

2.74 

10.8 

1 .027 

9-5 

B 4 

4.51 

17.8 

1.63 

9.2 

A S 

5 03 

19.9 

1.82 

9.2 

A 6 

7 97 

314 

2.75 

8.8 

B S 

8.7s 

34.5 

2 .96 

8.6 

A 7 

12.00 

47.3 

391 

8.3 

B 6 

13.58 

53-9 

4.35 

8.1 

A 8 

14.6 

57.7 

4.68 

8.1 

B 7 

16. 5 

65.1 

5 13 

7.9 

A 9 

17 s 

69.0 

5.48 

7-9 

A 10 

22.9 

90.3 

6-59 

7-3 


A freshly prepared sample of 99-97% <"thyl alcohol was used in the meas- 
urements upon alcohol. 
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Table III 


n-Propyl Alcohol 


Series 

K 

M 

dT 

K 

A I 

0.487 

I 48 

0 . 140° 

9-5 

A 2 

0.878 

2.6s 

0.246 

9.3 

A 3 

f 52 

4.60 

0.418 

9.1 

A 4 

3*20 

9.96 

0.844 

8.5 

A 5 

5.67 

17. 1 

1-34 

7.8 

A 6 

9.63 

29.2 

2 .01 

6.9 

A 7 

14.8 

44.8 

2.75 

6.1 

A 8 

20 8 

63.1 

3-51 

5*6 


For the nu'asuromerits upon n-propyi alcohol the sample employed had 
been purified by repeated distillation from a sample of U. S. Industrial 
Alcohol n-propyl alcohol. After standing over calcium oxide for several weeks 
its boiling point was found to be between 07. o® and 97.3°. 


Series 

* g 

Tabli^^IV 

Acetamide 

M 

dT 

K 

A I 

0.243 

0.748 

0 .069® 

9.2 

B I 

0.249 

0.767 

0.076 

9.9 

A 2 

0.556 

1. 71 

0.165 

9-7 

B 2 

0.556 

1. 71 

0.167 

9.8 

A 3 

I .086 

3-34 

0.325'' 

9-7 

B 3 

2 .00 

6.17 

0.596 

9-7 

A 4 

2.15 

6.60 

0.638 

9-7 

A s 

3-95 

12 . 16 

I -153 

9.4 

B 4 

4.43 

13.62 

1.293 

9-5 

B 5 

7-47 

23.0 

2.23 

9-7 

A 6 

8.05 

24.8 

2.34 

9-4 

A 7 

10.57 

32.6 

3 03 

9-3 

B 6 

11.27 

34.7 

3-29 

9-5 

B 7 

12.57 

38.6 

3-65 

9-5 

A 8 

14-30 

44-1 

4.05 

9-2 


The acetamide was twice recrystallized in chloroform from a post-war 
Kahlbaum article. The purified product was odorless and melted sharply at 
81®. The limit of solubility was not reached but from the sluggishness with 
which A 8 dissolved it should be not far from that concentration. 
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Table V 

Water 


Series 

R 

M 

dT 

K 

A 1 

0-387 

3-91 

0.383“ 

9.8 

A 2 

0.870 

8.78 

o-8sS 

9-7 

A 3 

1 . 6s 

16.7 

1.62 

9.7 

A 4 

3-35 

. 33-9 

3-29 

9-7 

B I 

.S -76 

58.1 

5-75 

9.9 

A S 

6.41 

64.7 

6.41 

9.9 

B 2 

8.98 

00.8 

9-35 

10.3 

A 6 

11-45 

116. 

12.35 

10.7 

C I 

12 .9 

130- 

14.12 

10.8 

C 2 

13.6 

136. 

1510 

11 .0 

c 3 

14.6 

147 - 

16.60 

11-3 


The values in Table V cany the concentration to the neighborhood of the 
cryohydric concentration for the system NH3— H2O.2NH3. 


Table VI 


Series 

g 

o>Nitrophenol 

M 

(IT 

K 

A I 

0.946 

1-24 

0.113® 

9.1 

B I 

1.362 

1.78 

0.17s 

9.8 

A 2 

1.86 

2.44 

0.226 

9.3 

B 2 

2.04 

2.67 

0.259 

9-7 

B 3 

3-03 

3-96 

0.377 

9-5 

A 3 

3-44 

4-50 

0.404 

9-0 

B 4 

3-53 

4.60 

0.434 

9-4 

B 5 

3-73 

4-87 

0.458 

9-4 

A 4 

5-05 

Solubility exceeded. 



The cryohydric temperature was found to be —78.2° and the cryohydric 
concentration approximately 6.7 grams per 100 grams of ammonia. The 
sample of o-nitrophenol was purified by recrystallization from absolute alcohol 
and dried in vacuo at room temperature. The product melted sharply at 
44.8“. 
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Table VII 
Sucrose 


Series 

g 

M 

dT 

K 

A I 

1.67 

0.889 

0.076® 

8.6 

E I 

I 87 

0 . 990 

0.086 

8.7 

B 1 

2 01 

j 07 

0 . 098 

9.2 

F I 

2 . 26 

1 . 20 

0.106 

8.8 

D I 

2 .48 

1.32 

0 . I 2 T 

9.2 

A 2 

2 67 

1 .42 

0.130 

9.2 

F 2 

3 Oi 

1 .60 

0.158 

9.9 

B 2 

3 04 

I 62 

0 146 

9 0 

F 3 

3 25 

I 72 

0.162 

9.4 

D 2 

3.54 

1.88 

0195 

10.4 

(’ 1 

3.58 

1 .90 

0 220 

IT .6 

F 4 

3 • 59 

I .91 

0 182 

9 5 

E 2 

4 00 

2.12 

0 219 

TO 3 

n 3 

4.43 

2 .36 

0.239 

10.2 

F S 

4.87 

2-59 

0 251 

9.7 

B 3 

5 05 

2,68 

0.250 

9 3 

D 4 

5 94 

3.16 

0 330 

10 4 

F 6 

5 9 ^> 

3 17 

0.305 

9.6 

C 2 

5-97 

3 19 

0.352 

IT . I 

E3 

6.02 

3 20 

0.332 

10.4 

D 5 

6.66 

3 • 54 

0.380 

TO 7 

E 4 

8,01 

4 26 

0.431 

10 I 


For all the series upon sucrose a sample of J. T. Baker’s c.p. sucrose was 
employed the purity of which had been established in another connection. 
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Table VIII 
Amline 


Series 


M 

dT 

K, 

B I 

0.590 


0.136® 

II. 8 

A I 

0.648 

1 .27 

0- 113 

8.9 

A 2 

I . 26 

2.46 

0.248 

10. 1 

B 2 

I .28 

2.49 

0.256 

10-3 

A 3 

2 .48 

4 83 

0.426 

8.8 

B 3 

2.49 

4.86 

0.490 

10. 1 

A 4 

3 36 

6-55 

0.534 

8.2 

B 4 

3-37 

6.58 

0.631 

9.6 

A s 

4.41 

8.59 

0.753 

8.8 

A 6 

SSO 

10.72 

0.938 

8.8 

B 5 

5-51 

10.74 

0.976 

9.1 

A 7 

7-44 

14.6 

1 . 236 

8.5 

B 6 

8.91 

17-4 

1 .48 

8.5 

A 8 

954 

18.6 

1-54 

8.3 

B 7 

12.22 

23.8 

1.94 

8.2 

A Q 

12 . 76 

24.9 

2.21 

8.9 

B 8 

16.2 

319 

2 .46 

7.8 

A 10 

17.9 

350 

2.68 

7-7 

B 9 

18 3 

35-6 

2.73 

7.7 

B ro 

21 .2 

41.4 

311 

7.5 

B II 

24.6 

48.0 

351 

7.3 


Series A was conducted with a redistilled Bausch and I^omb pi oduct while 
in Series B a redistilled sample of Kahlbaum^*^ ‘‘zur Analyse'^ aniline was used. 
A curious phenomenon noted in connection with aniline was the complete 
invisibility of the crystals of ammonia while the concentration was passing 
through the neighborhood of 39 grams per 100 grams of ammonia. 

Table IX 
Pyrocatechol 

Series g M dT K 

A I 0 513 0.846 0.088*^ ro.4 

A 2 I 044 Solubility exceeded. 

The cryohydric temperature was —77.8® and the concentration approximately 
1 . 2 grams per 100 grams ammonia assuming lo.o for the value of K. 

The solubility of this substance is surprisingly low in view of the fact that 
Franklin and Kraus^ report it to be very easily soluble in ammonia at higher 
temperatures. 


1 Am. Cbem. J., 20, 820 (1898). 
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Discussion of the Results on Non-electrolytes 

The outstanding feature of the results on these solutes is the variation of 
the constant with concentration. In only two cas(\s, that of acetamide and 
that of ortho nitrophenol an^ we justified in arriving at the value for the freez- 
ing point constant by simpl3^ averaging the values obtained in the case of each. 
Even with acetamide a slight tendency toward association of the molecule 
with increasing concentration can be detected. With ortho nitrophenol the 
low solubility prevented an extensive series of measurements. 

With urea, ethyl alcohol, normal propyl alcohol snd aniline the tendency 
to associate is clearly brought out by the decreasing value for the constant 
with increasing concentration. Except in the case of ethyl alcohol this is in 
agreement with the behavior of the boiling point constant for these solutes 
as determined by Franklin and Kraus.* In ihv case of ethyl alcohol they ob- 
tained a constant valia* for the boiling point constant through a wide range of 
concentrations. With normal propyl alcohol and aniline a comparison of our 
results with theirs shows the t(*iidency of these twT) substances to associate to 
a greater degree at lower tem|)eratures. For urea the degree of association 
for equal concentrations is about the same at the freezing point as at the 
boiling point of ammonia. Water which gives a constant valiK' for the boiling 
{K)int constant does likewise^ in the case of the molecular freezing point lowT'ring 
up to relatively high concentrations after which a gradual increase' occurs. 
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Chart 1 


Tlie results on sucrose*, while unsatisfactory from the point of view of 
agreement between series, do however, show clearly when considered as a 
whole a gradual increase beginning with values slightly less than the normal 
constant. The sluggishness with which the sucrose dissolved after the last 
few additions of this solute rendered measurements in higher concentration, 
impracticable. The one value obtained for pyrocatechol is of minor signifi- 
cance. 


* Loc. cit. 
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The best means of arriving at the normal value of the molecular lowering 
of the freezing point is to examine the results on each solute with a view to 
determining whether or not there is a range of concentrations throughout 
which constant values occur. In C'hart I are plotted the values of the con- 
stant against concentration for seven of the nine solutes. It is ctear from the 
graphs that from initial concentration up to that of about o.o6 moles per loo 
grams ammonia the constant lies between g and lo. With some of the solutes 
a fairly constant value is maintained up to far greater concentrations. Taking 
up each solute individually we may proceed to obtain the normal value for the 
constant. 

Urea: Fairly constant values are found up to a concentration of about 
0.04 moles per 100 grams ammonia. The average of the first fifteen values in 
Table I is 9.6. 

Ethyl Alcohol: The range of constant values lies between concentrations 
of about 0.02 and o.io moles. While there are not as many points on the 
curve as in the case of urea the range of constant value's is much wider and the 
results within this range are in closer agreement. The average of the second 
to the seventh value, inclusive, of the constant in Table II is found to be 0*8. 

Normal Propyl Alcohol: Only three valuCvS were obtained in concentra- 
tions of less than 0.05 moles, the average of which is 9.3. 

Acetamide: The average of all the determinations is 9.5. 

Water: This solute gives constant values for a wid(' range of concentra- 
tions. The determined points within this range are few but conform closely 
to a straight line. The average of the first six values in Table V is 9.8. 

Ortho Nitrophenol: The average of seven determinations is 9.4. 

Aniline: Unfortunately the range of concentrations within which the 
constant is apparently normal is a range in which individual results were 
somewhat contradictory. Omitting the first value in Table VIII which appears 
unreasonably high, th(' average of the results up to B 4, inclusive, is found to 
be 9.4. 

I^eaving out of consideration the above value for normal propyl alcohol 
based upon too few observation and also omitting the average for aniline we 
arrive, by averaging the remaining six individual averages, at a value of 9.7 
for the normal molecular lowering of the freezing point of ammonia. This is 
considerably higher than that calculated by Massob from his experimental 
value for the heat of fusion of ammonia. (Calculating back from our freezing 

O 02T^ 

point constant of 9.7 by van’t Hoff's formula, W= ‘ 'we obtain for the 

K 

value of W, the heat of fusion, 78.7 calories per gram, almost the same as the 
corresponding value for water, or 1338 calories per gram molecule as against 
1838 determined by Massol. 

Raoult found that the lowering of the freezing point produced by one 
molecule of a solute in one hundred molecules of any solvent is very nearly 


Loc. cit. 
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a constant, 0.63®. By dividing our value of 9.7 by the molecular weight of 
ammonia we obtain the value 0.57° for Raoult's constant while Massol's data 
give a value of 0.42°. 

Measurements on Electrolytes 

Franklin and Kraus' noticed that dilute solutions of sodium nitrate, am- 
monium nitrate, and potassium iodide in liquid ammonia which are good con- 
ductors of electricity gave a molecular boiling point rise considerably lower 
than expected from a consideration of their relatively high conductivities. It 
was later established by Franklin and Cady^ from a study of the velocity of 
ions in liquid ammonia solutions that the dissociating power of this solvent 
is more in accord with the value for its dielectric constant of 22 than with 
conductivity data. The high conductivity of electr0I3d.es in dilute ammonia 
solutions is explained b3' the relativel3" higher speed of the ions. Working with 
more concentrated solutions Franklin and Kraus® later found that th(‘ nioU^cu- 

Table X 


Sodium Nitrate 


Sories 


M 

clT 

K 

C 1 

0 247 

0 528 

0 067° 

12 7 

B I 

0.470 

1 .004 

0.109 

10 9 

(' 2 

0.491 

' 05 

0 1 16 

11 T 

A r 

0 . 505 

r 08 

0.138 

12.7 

B 2 

0.582 

1 .24 

0 133 

10.7 

C' 3 

0.742 

1-58 

0 . 166 

10 5 

B 3 

0 784 

1 .68 

0 173 

' 0-3 

C 4 

I 044 

2 , 24 

0 

0 

10 3 

A 2 

1 045 

2 24 

0 . 261 

II 7 

B 4 

1 • 53 

3.28 

0-337 

10.3 

C' 5 

2.03 

4.34 

0.439 

10. 1 

A 3 

2 .05 

4 39 

0.480 

10.9 

B 5 

3 15 

6 73 

o.6qo 

10.3 

C 6 

3 • '^3 

7 54 

0.757 

10 .0 

A 4 

3*53 

7-54 

0.806 

10 . 7 

A 5 

6.49 

139 

1 .49 

10 7 

C 7 

6.53 

14.0 

1 .44 

10.3 

A 6 

8.04 

17.2 

1 .90 

II .0 

C 8 

8. 10 

17-3 

1.86 

10.7 

B 6 

8.16 

174 

1.88 

10.8 

B 7 

10.46 

22.4 

2-54 

11-3 


A sample of Kahlbaum’s pre-war sodium nitrate was used after drying at 
110°. 


* Loc. cit, 

* J. Am. Chem. Soc., 26, 499 (1904). 

* J. Am. Chem. Soc., 27, 191 (1905). 
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lar conductivities of these salts in solutions of ammonia were less than in 
aqueous solutions of the same concentration notwithstanding the greater 
mobility of the ions. 

It was thought of interest to investigate the freezing point depression of 
these three salts and a few other substnnces which give good conducting solu- 
tions in liquid ammonia. In addition to the three salts mentioned silver 
iodide and strontium nitrate whose conductivities in ammonia are abnormal 
were investigated. Two organic compounds, phthalimidc and trinitraniline, 
which give good conducting solutions in ammonia were also included. 


Table XI 


Ammonium Nitrate 


Scries 

g 

M 

dT 

K 

A T 

o^ 

d 

0.894 

0 

0 

14.9 

B I 

0.467 

1 .06 

0. 140 

13.2 

B 2 

0.668 

X- 5 I 

0.184 

12.2 

B 3 

0.897 

2 .04 

0.241 

n 8 

A 2 

1 .01 

2.29 

0.269 

n.8 

B 4 

1 .26 

2.87 

0.327 

11.4 

A 3 

1-52 

3.46 

0 422 

12.2 

A 4 

2.83 

6 43 

0.747 

II .6 

B 5 

3-91 

8.88 

0.987 

II . I 

A 5 

4-97 

11-3 

I-3I 

II .6 

B 6 

5-42 

12.3 

1. 41 

II -5 

A 6 

7.87 

17.9 

2.23 

12.4 

B 7 

9.00 

20.4 

2.61 

12.8 

B 8 

10.57 

24.0 

3 17 

13.2 

A 7 

10.63 

24.2 

3.27 

13-5 

B 9 

12.30 

28.0 

3.88 

13-8 

A 8 

14.03 

Solubility exceeded. 



The cryohydric temperature is —82.03° a®d the corresponding concentra- 
tion approximately 25 grams per 100 grams ammonia assuming a value of 
14 for K at that concentration. 

A sample of J. T. Baker’s c. p. ammonium nitrate was recrystallized from 
water and dried at 1 10°. 
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Table XII 


Potassium Iodide 


Serios 

P, 

M 

dT 

K 

C I 

0 

00 

0.457 

0.062° 

13-5 

C 2 

0.674 

0.740 

0.096 

13-0 

A I 

0 . 683 

0 746 

0.090 

13 2 

A 2 

1 15 

1 . 26 

0.160 

12 .7 

3 

1 24 

1 .36 

0. 167 

12.3 

A 3 

I 68 

1.83 

0 .222 

12.1 

<' 4 

2 04 

2 . 24 

0.268 

12 .0 

A 4 

2 70 

2.95 

0.350 

H.8 

C’ 5 

3 - II 

3-41 

0 397 

1 1 .6 

A s 

4 07 

4*45 

0.542 

12.2 

(' 6 

6.01 

6.57 

0.746 

11.4 

A 6 

7 86 

8 61 

i .042 

12.1 

A 7 

1 1 I 

12 . 1 

I -47 

12 . 1 

r 7 

12.15 

13 -3 

1 . 70 

12 .8 

A 8 

15.0 

17-4 

2 . 28 

13^1 

(• 8 

oc 

>-• 

20 0 

2.71 

13.5 

A 9 

20.9 

oc 

3-25 

14.3 

A 10 

24 () 

27 . 2 

4 11 

151 


A sample of Kahlbauin’s jKitassiimi iodide was dried at iro°. 





Tablk XIII 




strontium Nitrate 


Series 

g 

M dT 

K 

A 

I 

0.510 

0.438 0.050° 

11.4 

A 

2 

0,780 

0.678 0 072 

10.6 

A 

3 

I .72 

1-47 O.T 33 

0.0 

A 

4 

2 .60 

0 

0 

W 

7.6 

A 

5 

4.24 

Solubility pxcmied 



For the measurements upon strontium nitrate a sample of Kahlbaum’s 
pre-war anhydrous salt was employed after carefully drying. Upon the addi- 
tion of this solute to the solvent a strong slaking effect was noticeable, the 
pellet rapidly swelling and disintegrating to a finely divided form which dis- 
solved very slowdy. 
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Table XIV 

Silver Iodide 

g M dT 

K 

A I 

0.970 0.750 

0.061® 

8.1 

B I 

I .03 

0.797 

0.066 

8-3 

B 2 

2.13 

1 .64 

0.140 

8.5 

A 2 

2.4Q 

1-93 

0.145 

7-5 

A 3 

4 97 

3 84 

00 

0 

7-3 

B 3 

6 24 

4.83 

0 - 3 S 4 

7-4 

A 4 

10.21 

7.92 

OSS 9 

71 

B 4 

10.26 

7.96 

0.581 

7-3 

A 5 

159 

12 3 

0.887 

7.2 

B S 

16.8 


0.943 

7.2 

B 6 

20.8 

16. 1 

1.165 

7.2 


The silver iodide for these measurements was prepared by precipitation 
from potassium iodide and silver nitrate followed by subsequent drying. 


Table XV 
Phthalimide 


Hiiries 

g 

M 

dT 

K 

A I 

0.469 

0.579 

0.056® 

9-7 

B I 

0.490 

0.606 

0.066 

10.9 

A 2 

0.719 

0.889 

0.093 

10.5 

A 3 

0853 

I 05 

0 

0 

00 

10.3 

B 2 

0.980 

1 .21 

0.134 

II . I 

A 4 

I .000 

1 .24 

0 

Os) 

0 

10.5 

B 3 

I .240 

1-53 

0 

0 

10.4 

A 5 

I 310 

1.62 

0.185 

II. 4 

B 4 

I .64 

2 .02 

0.212 

10.5 

A 6 

1.69 

2 .09 

0.229 

II .0 

A 7 

1.99 

Solubility exceeded. 



The cryohydric temperature was found to be — 77.98° and the correspond- 
ing concentration approximately 3.4 grams p«-r 100 grams ammonia if K = 11. 

A sample of Eastman’s highest grade phthalimide which, after drying, 
melted sharply at 233.5° for these measurements. 
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Table XVI 


Trinitraniline 


Series 

g 

M 

(IT 

K 

B 1 

0 686 

0 547 

0 

b 

0 

13 -3 

A I 

0 .727 

0 579 

0 . 069 

II. 9 

A 2 

1 .14 

0 908 

0.104 

II - 5 

B 2 

I 32 

* 05 

0. 107 

10 2 

A 3 

1 , 60 

I 28 

0 138 

10 8 

B 3 

2 .26 

I 80 

O.T 79 

9.9 

A 4 

2 33 

1.86 

0.187 

10. 1 

A 5 

3 02 

2.41 

0.224 

9-3 

B 4 

331 

2 64 

0 . 240 

9.1 

B 5 

4.40 

351 

0 

0 

8 6 

A 6 

5 

0 

00 

0.375 

9.2 


A pre-war sample of Kahlbaum's trinitraniline melting sharply at 190° was 
US<»(1. 


Discussion of Results on Electrolytes 

The behavior of the fn^ezin^^; point constant in the case of inorganic elec- 
trolytes is shown graphically in ('hart II in which the values of K have been 
plotted against concentration. With sodium nitrate, ammonium nitrate and 
potassium iodide there is an unmistakable diminution in the value of the con- 
stant up to concentrations in the neighlK>rhood of 0.04 moles per 100 grams 
of solvent followed by a gradual increase. From the dissociation theory the 
initial decrease' is what would be expected with increase in concentration. The 



minimum values which are between 10 and slightly over ii for the.se three 
salts represent a smaller degree of dissociation at these concentrations than 
they show in aqueous solutions of the same strength. Thovse values of the 
constant for good conducting solutions are in accord with the relatively low 
values found by Franklin and Kraus for the boiling point constant of the same 
salts. 

No attempt was made to find a quantitative relationship between the degree 
of dissociation calculated from the freezing point constant and that derived 
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from a consideration of molecular conductivities. The conductivity measure- 
ments upon salts by Franklin and Kraus were in general in more dilute solu- 
tions than ours. The second investigation of Franklin and Kraus indicating 
smaller molecular conductivity values in concentrated ammonia solution than 
in aqueous solution points to the conclusion that the freezing point constant 
may be quite in accord with the degree of dissociation deduced from probable 
conductivities at these concentrations. The initial slope of the curves for the 
freezing point constant of electrolytes in Chart II indicates a rapidly increasing 
dissociation with dilution. 

The gradual rise subsequent to the minimum value of the constant may be 
explained by assuming the formation of ammonates in solution analogous to 
the formation of hydrates in aqueous solutions under similar (‘onditions. The 
curves in Chart II for sodium and ammonium nitrates and potassium iodide 
show a striking similarity in general form to analogous curves of Jones and 
coworkers^ for aqueous solutions of electrolytes. Translating the hydrate 
theory into terms of ammonia we may state that potassium iodide probably 
combines with more ammonia in solution than does ammonium nitrate and the 
latter with more than does sodium nitrate. If the value of K for potassium 
iodide be calculated upon the assumption of the existence at this temperature 
of an ammonate, KI.8NH3, the values for K in the case of A g and A 10, 
Table 12, become 9.8 and 9.4, respectively. 

Strontium nitrate, with initial values of K indicating a slight degree of dis- 
sociation, shows a tendency to rapidly associate with increasing concentration 
while silver iodide is apparently somewhat associated even at the lowest con- 
centrations measured. The peculiar behavior of these last two salts is re- 
flected in their abnormal behavior with respect to their conductivities in 
ammonia solution. Franklin and Kraus^ found that the conductivity of 
strontium nitrate rises with dilution at a much more rapid rate than that of the 
other salts studied. Although the freezing point curve for this salt represents 
a much higher concentration than those* employed in the conductivity work 
3'^et it suggests a rapid rate of dissociation with dilution. In the case of silver 
iodide the molecular conductivity was found by Franklin and Kraus* to be 
much lower than for other salts throughout the range of dilutions investigated. 

Evidences of slight dissociation of phthalimide persisting throughout the 
range of concentrations studied is shown by the fig\ires for the freezing point 
constant. 

Trinitraniline behaves more as would be expected showing evidence of 
slight dissociation at initial concentrations followed by a diminution to fairly 
constant values slightly below the normal value for the freezing point con- 
stant. 


* For references to the subject of hydrates in solution .see Getman: Outlines of Theo- 
retical Chemistry, 3rd Ed., p. 219 et seq. (1922). 

* Am. Chem. J., 23 , 277 (1900). 

* J. Am. Chem., Soc., 27 , 191 (1905). 
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Summary 

An apparatus has been developed capable of measuring the freezing point 
depression of liquid ammonia in concentrations of approximately 0.006 moles 
of solute per 100 grams of ammonia and over. 

A glass core platinum resistance thermometer capable f)f an accuracy, in 
connection with suitable reading instruments of 0.001® was constructed. 

The normal freezing point of liquid ammonia was determined to be — 77.73 
±0.03®. 

The tendency of substances to associate in ammonia solution renders the 
determination of the normal molecular lowering of the freezing point of am- 
monia somewhat difficult. It may be said, however, that, in solutions of from 
0.006 to 0.04 moles per 100 grams of ammonia 9.7 represents the normal 
value of the constant. This is considerably higher than that calculated 
from Massol’s value for the heat of fusion of ammonia and .suggests the desir- 
ability of a redetermination of the latter. 

Ammonates appear to lx* formed in solution in the case of inorganic salts 
in a manner analogous to the formation of hydrates by salts in aqueous solu- 
tion. 

The data ujmn the inorganic electrolytes and th(' organic substances which 
readily conduct electricity in ammonia solution substantiate the view that 
ammonia is a much [worer dissociating solvent than water. 

In conclusion the writer desires to express his appreciation of the helpful 
interest and guidance of Dr. E. C\ Franklin under whost' direction the investi- 
gation was carried out. 



VISCOSITIES OF SOME MONOVALENT SALTS OF HIGHER FATTY 
ACIDS IN ORGANIC SOLVENTS 


BY MATA PRASAD 

In a previous paper from this laboratory Bhatnagar and Prasad* have 
detennined the electrical conductivities of some monovalent salts of higher 
fatty acids in organic solvents and in the fused state. On plotting the equiva- 
lent conductivity against dilution in litres they have shown there that the 
curves obtained are straight lines and not parabolas as required by Ostwald's 
dilution law. It was first suggested by Wiedemann^ and later on by Arrhenius® 
that the mobility of an ion is a function of the fluidity of the solution and 
decreases with an increase in viscosity. Consequently the conductivity of a 
solution is greatl}^ altered by the viscosity of the solution. The viscosity cor- 
rection, made by Alemcke and Pissarjewski* on the assumption that the con- 
ductivity is directly proportional to the dissociation and inverselj^ proportional 
to the viscosity is of the form — 

- (i) 

Ma 

where a represents the degree of dissociation, jiy and riy, resp(‘ctively, the 
equivalent conductivity and viscosity of the solution at the dilution of V 
litres and Ma and t/o? respectively, the equivalent conductivity and vis- 
cosity of the solution at definite dilution. The same conductivity-viscosity 
expression was derived by Arrhenius on simple proportionality assumptions. 

The present invevstigation is devoted to the study of the viscosities of the 
soap solutions in organic solvents and the data so obtained can be utilised to 
apply the correction to the conductivity values descril)ed in the previous paper. 
Incidentally the results obtained here have also been utilised to verify the 
various viscosity-concentration relations that have been put forward by Ein- 
stein, Hatschek, Smoliichowski and Arrhenius. 

Experimental 

The soaps used in the investigation were sodium and potassium palmitate, 
sodium and potassium stearate and potassium oleate. They were prepared 
by mixing alcoholic solutions of sodium and potassium hydroxides with alco- 
holic solutions of the corresponding acids in molecular proportion*^. The 
alcohols tried were ethyl, normal-butyl and iso-butyl alcohols. They were 
obtained by distilling Merck's pure alcohols and collecting the fraction distill- 

1 Cf. Kolloid-Z. 33 , 279 (1923). 

* Pogg. Ann. 99 , 228 (1856)* 

*Z. physik. Chem. 9 , 495 (1892). 

* Ibid. 52 , 479 (1905). 

® Cf. Bhatnagar and Prasad: loc. cit. 
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ing over at the boiling point. Precautions were taken to remove the traces of 
water by keeping them in soda-lime and quick-linu* and afterwards in anhy- 
drous copper sulphate for about a week. They were tested free from aldehyde 
by the alkali test. 

The solutions were prepared by out weighing exactly known quanitites of 
soaps and dissolving them in known quantities of alcohols. They were kept 
in glass-stoppered V>ot,tles free from contact with air. 

The viscosity measurements were made in a viscosimeter of the common 
capillary pattern of W. Ostwald, The size of the capillary and the volume of 
the bulb wen* so chosen that a suitable time of flow of the* solutions was ob- 
tained. It was about 4 minutes in the ease of ethyl alcohol and 7 and 9 min- 
utes, re^spectively, in the case of n-butyl and iso-butyl alcohols. The viscosim- 
eter was kept in a vertical position by means of two plumb lines hanging from 
the support holding the viscosimeter. The viscosimeter was kept at a con- 
stant temperatun* at 3o°( \ All care was tak(*n to remove the traces of grease 
or impurity in the viscosimeter. In order to achieve this the instrument was 
washed with soap solution, alkali solution, potassium dichromate mixture and 
distilled w-ater before and after each observation. The amount of w’ater re- 
maining in the viscosimeter was remov(*d by rinsing it several times with 
alcohol and drying it in a current of air. 


A fixed volume of solution was always introduced in the viscosimeter 
from a pipette*, and after being raised to the upp(*r mark by sucking, was al- 
lowed to run through the capillary tulie. The viscosimeter was allowed to 
stand in the bath for a sufficient time to acquire the temperature of the bath, 
liecause, as is well known, the* viscosity decreases very rapidly with the in- 
crease in temperature. The readings w^ere taken when the time of flow became 
constant which was measured by an accurate stop-watch. 


The density of the solutions w’as measured by means of the specific gravity 
bottle. The solutions were carefully filled in the bottle and the air bubbles 
removed from it. It w'as then kept in the constant temperature bath at 30®C 
for about tw’o minutes and quickly weighed. From the coristanis of the bottle 
determined before hand the specific gravities of the solutions were calculated. 
The relative viscosities of the solutions with n*spect to the solvent w^ere then 
calculated from the formula — 


r}y td 
Vo fo^o 


(2) 


where to and do are the viscosity, time of the flow^ and densit}^ respectively, 
of the solvent and t and d the corresponding values for the solution. 

The viscosity of a colloidal solution according to Einstein' and Hatschek,- 
is given by 

Vx^Vo{^+^¥^) 


* Ann. Physik, 19 , 289 (1906); 34 , *>91 (i9ii)» 
*Kolloid-Z. 7 , 310 (1910); 8, 34 (1911). 


(3) 
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where ^ is the volume-fraction of the disperse phase per unit volume of the 
solution and k a constant having values 2.5 according to Einstein and 4,5 ac- 
cording to Hatschek. Another formula was empirically derived by Arrhenius* 
for the viscosities of solutions and is represented as 

logW’/o^^c (4) 

where c is the volume-fraction of the solute per unit volume of the solvent and 
6 y a constant. 

In tables given below ^ represents the mass of the solute per unit volume 
of the solution and is given in column 2. The values of rjy/rjo obtained experi- 
mentally are shown in column 3, while those obtained by calculation from 
Einstein’s and Hatschek ’s formula are given in columns 4 and 5 respectively. 
The values of 0 , a constant referred to the equation (4), are shown in column 
6, its value as determine^d by Arrhenius being 0.01086. 

Table I 


Viscosity of Potassium Palmitate in Ethyl Alcohol at 3o®(^. 


I 

2 

3 

4 

5 

6 

Concentrations 


tfv/iio Obs 

Vv/^o Cal 

iyv/170 Cal 

d 

M/30 

0 . 0098 gms 

I .0287 

I 0245 

1 . 044 1 

1.255 

M/60 

0.0049 

I .0140 

I .0122 

I .0220 

1 225 

M/80 

0.0036 ” 

I .0087 

1 . 0090 

1 .0162 

1 .028 

M/ 102 

0.0029 

1 .0065 

I .0072 

0 

0 

0.931 

M/142 

0.0021 ” 

1.0033 

Table II 

I .0052 

I .0094 

0.667 

Viscosity of Potassium Stearate in Ethyl Alcohol at 3o°(\ 


I 

2 

3 

4 

5 

6 

Concentration-s 


Vy/vo Ob.«! 

vv/vo Cal 

Vv/vo ( ’al 

0 

M/30 

0.0T07 gms 

I .0276 

1 .0267 

0 

00 

T . 103 

M/60 

0.0053 ” 

I .0103 

1 0134 

I .0238 

1*547 

M/80 

0 . 0040 ” 

I .0101 

I .0100 

T .0180 

I 075 

M/ 102 

0.0031 ” 

1 .0066 

1 .0079 

I .0139 

0.903 

M/142 

0.0023 ” 

I .0022 

Table III 

1 .0056 

I .0103 

0 435 

Viscosity of Potassium Oleate in Ethyl Alcohol 

at 3o‘^(\ 


I 

2 

3 

4 

5 

6 

Concentralioas 


Vv/vo Ol)S 

Vv/vo Cal 

ffy/vo Cal 

0 

M/30 

0.0107 gms 

I 0229 

I .0267 

I .0481 

0.925 

M/60 

0.0053 ” 

I 0154 

1.0132 

1 .0238 

1.246 

M/80 

0.0040 ” 

r .0080 

1 .0100 

1 .0180 

0.850 

M/102 

0 0031 ” 

I .0051 

1.0077 

1. 0139 

0.677 

M/142 

0.0022 ” 

I ,0027 

^•0055 

I .0099 

0.545 


^ Medfi. Vet^nsk. Nobelinstitut. 3 , No. 13 (1916). 
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Table IV 


Viscosity of Sodium Stearate in Ethyl Alcohol at 3o®C. 


I 

2 

3 

4 

5 

6 

Concentrations 

*p 

Vv^ Vo t)l>s 

' C';il 

Vy/vo Ciil 

e 

M/30 

0.0102 ja^ms 

I .032 1 

^ 0255 

r .0459 

1*343 

M/60 

0 

0 

0 

I 0216 

I .0127 

f 022Q 

I .804 

M/80 

00 

0 

0 

0 

1 OIIO 

T OOQ 5 

1 0171 

1237 

M/102 

0.0030 

I .0075 

I .0075 

^ 0135 

I .067 

M/142 

0 002 1 

1 .0010 

I .0052 

1 0094 

0 . 190 



Table V 





Viscosity of Sodium Palmitate in Ethyl Alcohol at 3o°(\ 


I 

2 

3 

4 

5 

6 

C'onccntration.s 


Vv Vo Oh's 

Vv ' Vf^ f a! 

Vv/vo c»l 

e 

M/30 

0 0093 Kins 

I 0210 

I .0232 

I 0418 

0 968 

M/60 

0.0046 

I .0121 

I .0115 

1 .0207 

I 131 

M/80 

0 0035 

r 0076 

I 0087 

I 0157 

0.914 

M/ 102 

0 

0 

0 

I 0061 

I .0067 

I 0121 

0 926 

M/142 

0.0020 

1 0025 

1 .0050 

1 .0090 

0 550 



Table VI 





Viscosity of Potassium Palmitate in n-Butyl Alcohol at 3o®(\ 


1 

2 

3 

4 

5 

6 

(^)ii cent rations 


Vy. Vo t)hs 

Vy Vo ('a I 

tjv Vo Cal 

$ 

M/80 

0.0037 

1 0257 

I .0092 

I 0166 

2 973 

M/90 

0.0033 

1 .0204 

I 0082 

I .0148 

2 667 

M/ioo 

0.0030 

1 .0160 

I .0075 

I 0135 

2 .267 

M/120 

0 0025 ” 

1 0117 

I .0062 

I 0112 

2 .000 

M/160 

0 0019 

1 . 0064 

1 . 0047 

I 0085 

1.421 


Table VII 

Viscosity of Potassium Stearate in n- 

•Butyl Alcohol at 3o®C\ 


1 

2 

3 

4 

5 

6 

Concentrations 


vy Vo Ohs 

Vy/Vo Cai 

Vy / Vo Cal 

e 

M/80 

0.0040 gms 

I. 0314 

I .0100 

I .0180 

3 32s 

M/90 

0.0036 '' 

I .0249 

1 . 0090 

I ,0162 

2 .805 

M/ioo 

0.0032 

T .0208 

I . 008 I 

I .0144 

00 

M/120 

0.0027 

I .0145 

1 ,0067 

I .0121 

2 . 296 

M/160 

0.0020 

1 .0103 

I . 0050 

I 0090 

2.201 
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Table VIII 


Viscosity of Potassium Oleate in n-Butyl Alcohol at 3o**C. 


J 

2 

3 

4 ^ 

5 

6 

Concentrations 


i?v/i?o Obs 

Cal 

iiv/i?o Cal 

e 

M/8o 

0 . 0040 gms 

1 .0222 

I ,0100 

I .0180 

2-374 

M/90 

0.0035 ” 

I .0177 

I .0087 

I. 0157 

2 . 171 

M/ TOO 

0.0032 ” 

1 .0127 

I . 0080 

I .0140 

1. 719 

M/120 

0.0027 ’’ 

I .0085 

I .0067 

I .0121 

1-333 

M/160 0.0020 ” 1.0046 1.0050 

Table IX 

Viscosity of Sodium Stearate in n-Butyl Alcohol 

I . 0090 

at 30°C. 

0.950 

I 

2 

3 

4 

3 

6 ' 

(\)ncentrations 



»?v/t;o Cal 

i 7 v/»?o Cal 

e 

M/80 

0.0038 gins 

I 0235 

T.0095 

I .0171 

2 . 658 

M/90 

0.0034 

I 0198 

I 0085 

I 0153 

2.500 

M/ioo 

0 0030 

1 .0156 

1 0075 

1 0135 

2 . 200 

M/120 

0.0025 ’’ 

T 0123 

I . 0062 

I 0112 

2.081 

M/160 

0 0019 

1 .0090 

I .0047 

I .0085 

2 .000 


1 ABLE X 


Viscosity of SocHuin Palmitate in n-Butyl Alcohol at 3o°(.\ 


I 

2 

3 

4 

5 

6 

Concentrations 


t?v/i?o Obs 

vv/vo Cal 

rfv/vo Cal 

e 

M/80 

0.0035 gms 

1 0184 

I .0087 

1. 0157 

2.252 

M/90 

0.0031 ” 

I .0168 

1 .0077 

1 .0139 

2.322 

M/ioo 

0 0028 

I .0142 

0 

0 

0 

1 .0126 

2.178 

M/120 

0.0023 

I 0120 

I .0057 

1 .0103 

2 .261 

M/160 

0.0017 

I .0073 

I . 0043 

1 .0076 

1.449 


Viscosity of Potassium 

Table XI 

Oleate in Iso-Butyl Alcohol at 3o®C. 


I 

2 

3 

4 

5 

6 

Concentrations 


t?v Vo Obs 

Tfv/vo Cal 

vv/vo Cal 

e 

M/80 

0 . 0040 gms 

j .0177 

I .0100 

1 .0180 

i .900 

M/90 

0.0035 ” 

I .0122 

I .0087 

I .0157 

1-515 

M/ioo 

0.0032 ” 

I .0079 

I . 0080 

1 .0140 

1 . 063 

M/120 

0.0027 ” 

I .0051 

J .0067 

I .0121 

0.778 

M/160 

0.0020 

10035 

I .0050 

£ . ObQO 

0.750 
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Discussion of Results 

The viscosities of five different soaps have been rn(»asured at five dilutions 
in ethyl, n-butyl and iso-butyl alcohols and the values so obtained have been 
compared with those calculated from Einstein’s and Halschek’s formula. The 
results indicate that the calculated values (on Einstein’s formula) approximate 
more closely to the observed values at low concentration of the solute. This 
is in agreement with the th(*oretical assumptions on which the formula was 
derived. It will b(* seen from Tables I-XI that the agreement between the 
calculated and observed values is more exact at concentrations M/80 and 
M/102 in solutions in ethyl alcohol and at concentrations M ' 120 and M/160 
in solutions in n-butyl alcohol. The results calculated with K equal to 4.5 
(Hatschek’s value) are in better agreenamt with the experimental n^sults in 
the case of solutions in n-butyl alcohol than in ethyl alcohol. 

As will be noted from al)ove tables, the values of the constant calculated 
from formula (4) are, in all cas(\s examined here, great er than the values found 
by Arrhenius. Moreover the value of the constant has been found to vary 
with the nature of the solute and the solvent. 

Ethyl alcohol is known to consist of strongly associated molecules in con- 
centrated state w^hich get dissociated on dilution. The results of Horiba^ of 
the viscosity of aqueous solutiojis of ethyl alcohol show' that the quotient 
log rf/ci decreases witli incn»asing concentration Ci. The same was observed 
by Baker- with solutions of nit rocellulosc* in aceton(‘. Rut the results of 
present investigation show' that in almost all cases the Arrhenius constaitt, 

that is, cjuotient — log rjv/Vo iiicreases with increasing coiicemtration. 
c 

Occasionally the solutions were allowed to stand for about a w^eek to ol)- 
serve any change that may take place in the nature of the solutions w'ith time-'^. 
But in no case any alteration in tlu* time of flow^ was experienced. 

Th(* viscosity correction was applied to the conductivity values according 
to the formula (i) and the results obtained are shown in Tables XII-XVl. 
The relation betw'een Vo and V, volume in litres containing one 
gram-molecul(' of the solute, still gives a straight line curve bc'tween the range 
of dilutions 30 to 160 litres considered here. 

Table XII 
Potassium Palmitate 


V 

Kthyl .\IcolioI 

MV. 

fiv. Vv/vo. 

V 

n-HutvI Alcidiol 

MV. 

Mv. Vv 'Vo- 

30 

27-59 

28.38 

80 

4-552 

4,669 

60 

30.81 

3 * 24 

90 

4.967 

5.069 

80 

33^33 

33 -61 

100 

5-135 

5.216 

102 

37-53 

37-76 

120 

5-759 

5.826 

142 

42.36 

42.49 

160 

6.665 

6.707 


^ J. Tokio C^hem. 80c. 31 , 922 (1910). 

* J. Chein. Soc. 108 , 1653 (1913). 

® Cf. Dunstan and Thole: “Viscosity of Liquids”, p. 65 (1914). 



642 


MATA PRASAD 


Table XIII 
Potagsium Stearate 


V. 

Ethyl Alcohol 

MV. 

Mv. Vv/Vo 

V. 

n-Butyl Alcohol 

Mv. 

Mv. vy/vo- 

30 

31-54 

32. 4 T 

80 

5.386 

5.555 

60 

42 .46 

43 27 

90 

5-399 

5 . 533 

80 

43-07 

43 • 50 

100 

5.520 

5.633 

102 

47-90 

48.19 

120 

6.308 

6.397 

142 

58.05 

58.19 

160 

8 .028 

8. no 


Table XIV 
Potassium Oleato 


V. 

Ethyl Alcohol 

Mv. 

/iv. riv/vo 

V. 

n- Butyl Alcohol 
Mv. 

tiv. “Ov/flo 

30 

22 . 22 

22.74 

80 

4.307 

4.403 

60 

28 .80 

29.24 

90 

4.620 

4.701 

80 

32.71 

32.96 

100 

4.906 

4.968 

102 

36.92 

37-10 

T 20 

5 520 

S • 585 

142 

46 . 10 

46 . 23 

160 

6 . 540 

6.569 


Table XV 

Sodium Stearate 

Ethyl Alcohol I n-Butyl Alcohol 


V. 

Mv. 

Mv. i?v/iJo 

V. 

Mv 

Mv. 

30 

25-87 

26.70 

80 

4.206 

4.304 

60 

00 

0 

fO 

31 47 

90 

4.319 

4.404 

80 

36.80 

37.19 

100 

4.329 

4.395 

102 

38.17 

38.45 

120 

4.999 

5.060 

142 

43-54 

43 . 58 

160 

6.422 

6.477 


Table XVI 
Sodium Palmitate 


V. 

Ethyl Alcohol 

Mv 

Mv. Vy/vo 

V. 

n-Butyl Alcohol 

Mv 

Mv. ifv/t?o 

30 

21.22 

21.66 

80 

3.924 

3-996 

60 

30.11 

30.47 

90 

4.227 

4.297 

80 



100 

4.505 

4-568 

102 

36.32 

36.53 

120 

4.906 

4.966 

142 

43 • 54 

43.65 

160 

5.987 

6.030 



VISCOSn iES OF SOAPS IN ORGANIC SOLVENTS 




The degree of dissociation could not be determined owing to want of tin* 
values of Ma which, as the work of Mahin, Kreider and others has shown, 
occurs generally at dilution of 50,000 liters and for the measurement of which 
the Kohlrausch bridge with ordinary buzzer and telephone is unsuitable. 
More work on this line will be done over a large range of dilutions to collect 
sufficient data to calculate the degree of dissociation at each concentration and 
then to examine more precisely the behaviour of soap solid ions in non-aqueous 
solvents. 

The author takes this opportunity of thanking Dr. S. S. Bhatnagar for 
his valuable suggestions and keen interest shown throughout the whole inves- 
tigation. 

Chtvdcol Lalnmikinfs, 

Henaren Hindu Vnii'cruity. 

Hemnes, {India). 



THE DETECTION OF CONSTANT-BOILING MIXTURES 

BY T. R. BRIGGS 

Professor Orndorff has called my attention to the apparent lack of any 
simple laboratory method of distinguishing^ an azeotropic^ mixture from a 
chemical individual, since both boil at constant temperature, and thus may 
be distilled without change. The following experiments were therefore under- 
taken to supply such a method and were carried out and confirmed independ- 
ently by several of my students during the course of their undergraduate 
research. Elaborate apparatus was avoided purposely, so that no great degree 
of exactness can be claimed for the results. The principle underlying th(j 
method is well known; but since the experiments are instructive and well 
fitted, by reason of their simplicity, to be included in a laboratory course 
in physical chemistry, they are deemed worth describing. 

It has long been recognized that the composition of a constant-boiling 
mixture varies with the pressure under which the process of ebullition is 
carried out. Thus it is known that a decrease in pressure displaces the com- 
position of the azeotropic mixture toward the acid side in the case of hydro- 
chloric acid and water, and toward the alcohol side in the case of ethyl alcohol 
and water^. It is evident, therefore, that a mixture which is azeotropic at one 
pressure will not be azeotropic at some other pressure, and will change in 
composition if distilled at this pressure. The exi^^ent to which this change in 
composition takes places will depend upon the effectiveness of the still-head, 
the slope of the temperature-composition curves in the neighborhood of the 
azeotropic points and the magnitude of the displacement which the pressure 
change produces. Such, in brief, is the principle on which these experiments 
are based. 

Two general cases arise (t) where the azeotropic boiling point is a maxi- 
mum, (2) where the azeotropic boiling jioint is a minimum, and as examples 
of these I have chosen the systems, hydrochloric acid-water and methyl 
alcohol-benzene, respectively. The azeotropic mixture (A©) in each of these 
systems, prepared at atmospheric pressure (P©) has been distilled at a lower 
pressure (Pi) through a fractionating column, and the changes in composition 
which have resulted have been noted by direct analysis or by observing some 
physical property, such as the density. 

The exact nature of these changes may best be understood by considering 
the tomperature-composition diagrams for the two systems in the neighbor- 
hood of the azeotropic points. These diagrams have been sketched in Fig. 1 , 
in which no attempt has been made to draw the curves to scale. The lines 

‘ Cf. Forster and Withers: J. Chem. Soc., 99 , 266 (1911). 

* Cf. Young: ^Distillation Principles and Processes^', 46 (1922); Wade and Merriman; 
J. Chem. Soc., 99 , 1004 (1911)* 

^ Wade and Merriman: J. Chem. Soc., 99 , 997 (1911); Merriman: Ibid., 103 , 628 

(1913)- 
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marked and Vi ,R<, and Ri, represent the compositions of vapor and liquid 
respectively at the pressure's and Pi, A,, arul Ai being tlie corresponding 
azeotropic compositions. 

In the case of hydrochloric acid and water the constant boiling mixture 
Ao, prepared by distillation at Po, will begin to boil under the pressure Pi at a 
temperature represented by the point b and the vapor will have the composi- 
tion denoted by b\ On distilling A© with a fractionating column, the distillate 
will therefore contain relatively less of the acid and more of the water, and if 
distillation V)e continued, the residue in the flask will attain th(‘ composition 
represented by c, and will b(‘ trans- 
formed into the low pr(‘ssure azeotropic 
mixture Ai. When this point has iK'cn 
reached, no further change* in compo- 
sition is possible so long as the pressure 
remains constant. Sinc(* the densitv' 
of solutions of hydrochloric acid is 
greater than that of water, the d(uisity 
of the first portions of distillate* will 
b(* less than that of the residue, while 
the density of the latter will rise, until 
at Ifmgth it (equals that of the new 
(constant boiling mixture. Progressive* 
changes in density such as these, 
since the>' could not possibly occur 
with a single chemical individual, serve 
to differentiate clearly between th(' 
latt(‘r and a mixture of constant boiling 
point . 

The conclusions formulated in the 
f)receding paragraph w^(*re then sul> 
jected to experimental proof. A liter 
of the azeotropic mixture A© of hydro- 
chloric acid and water was prepared at atmospheric pressure by making a 
20.2 percent solution of the acid and distilling until distillate and residue had 
the same composition — as determined by titration with standard sodium hy- 
droxide — and the same density, as ascertained with a Westphal balance. 
This azeotropic mixture was then fractionated at a pressure of about 50 min, 
and the average composition of an unspecified volume of the distillate was 
compared at regular intervals with the composition of the resiilue remaining 
in the flask, care being taken to collect the distillate in a filter flask immersed 
in ice. Since the pressure fluctuated a good deal no attempt was made to 
measure the temperature of distillation. The data follow. 




Vui 1 
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Table I 

Hydrochloric Acid and Water 

Fractionation of the Azeotropic Mixture under Diminished Pressure, 



Pressure 

Specific Gravity 

Grams HCl per cc 

Azeotropic 

mm 

Distillate 

Residue 

Distillate 

Residue 

Mixture Ap 

750 

1 .lOl 

I . lOI 

0.222 

0.222 


50 

1.03s 

I ■ 103 , 

0.074 

Cl 

d 


» 

1 .044 

1 . 104 

0.094 

0.229 


99 

1 .060 

M 

0 

00 

0.130 

0.238 


99 

I 07s 

I . no 

0.164 

0.243 


99 

I .092 

1.112 

0.201 

0.248 


99 

1 .103 

I.II3 

0.226 

0.250 


99 

1.105 

I.II3 

0.232 

0.251 

Azeotropic 

99 

1 . 112 

I . 114 

0.249 

0.252 

Mixture Ai 

•9 

1 . 114 

I . II4 

0.252 

0.252 


These data confirm the theory in an entirely satisfactory manner. It will 
be observed that the first sample of distillate collected at 50 mm contains only 
about 7 percent of hydrochloric acid compared with 20.2 percent in the 
original solution and that the low-pressure azeotropic mixture ultimately 
formed contains about 22.6 percent and gives rise to a distillate of equal 
density and composition. 

If we turn our attention a second time to the temperature-composition 
diagram, it will be seen that if the low-pressure azeotropic solution Ai (the 
residue from the preceding run) be distilled at the original atmospheric pres- 
sure Po, fractionation again becomes possible. The mixture will begin to boil 
at d, and since the composition of the vapor at the same temperature is repre- 
sented by d' the distillate on fractionation will contain more hydrochloric 
acid than the residue in the flask. The latter will accordingly become more 
dilute as distillation continues, until at length the composition attains the 
point a and the original constant-boiling mixture A© is reproduced. This 
process, constituting the reverse of the distillation at 50 mm, was tested ex- 
perimentally with the following results. 

It will be observed that distillation gave the expected results. The first 
sample of distillate is an almost saturated solution of hydrochloric acid gas in 
water at atmospheric pressure and the final constant-boiling mixture is iden- 
tical with the one with which these experiments were started (Cf. Table I). 
Regarding the two distillations as a whole, it will be seen that the residue in 
the flask has been caused to change through a complete cycle, which may be 
represented in the diagram of Fig. i by the closed path abcda. No cyclic 
process of this nature can possibly be carried out with a liquid which consists 
of a single chemical individual. 
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Table II 

Hydrochloric Acid and Water 

Fractionation of the Low-Pressure Azeotropic Mixture at Atmos- 
pheric Pressure 



Pressure 

Speeific (iravity 

drams HC'l per cc 


rnm 

Distillate 

Residue 

Distillate Residue 

Azeot,n>pi(* 





Mixture Ai 

.50 

1 114 

1 114 

0 252 0.252 


750 

1 . 198 

I . no 

0.464 0.243 


9 f 

1.144 


0.325 


>1 

I 124 


0.27s 


>9 

1 . 114 


0.253 


79 

1 . 1 10 


0.242 


99 

1 .105 


0.233 


^9 

I 103 


0 228 


99 

I . 102 

— 

0 225 

Azeotropic 

91 

I 101 


0.223 

Mixture A© 

99 

I lOI 


0.223 0.222 


The system methyl alcohol and benzene was next studied as an example of 
the second j^eneral case where the boiling point of the azeotropic solution is a 
minimum. The pressure-composition diagram has been sketched in Fig. 1. 
Consideration of this diagram shows that the azeotropic mixture Ao, on being 
fractionated at diminished pressurt' Pi, gives rise to a distillate, the composi- 
tion of which is practically that of the point c and which constitutes the low 
pressure azeotropic mixture Ai. While this distillate is being formed, the 
residue in the flask must necessarily grow richer in alcohol. Changes occur 
in composition, and therefore in density, and these are sufficient to distinguish 
the original mixture from a chemical individual. 

Methyl alcohol was purified by the method recommended by Duclaux and 
Lanzenberg’. The boiling point was found to be 66.5°. The alcohol was then 
mixed with redistilled l)enzen(* to give a solution containing about 60 percent 
by weight of the latter and the whole fractionated at atmospheric pressure. 
The distillate thus obtained was found to be the azeotropic mixture A©, as 
was shown by a separate fractionation in the course of which no difference in 
density was observed between distillate and residue. This constant-boiling 
mixture was then fractionated under a pressure of about 158 mm, with the 
following results: — 


' Bull., 2 P, 35 (i9ai). 
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Table III 

Methyl Alcohol and Benzene 

Fractionation of the Azeotropic Mixture under Diminished Pressure 



Pressure 

Specific Gravity 

Residue 

Azeotropic 

mm 

Distillate 

Mixture 

734 

0.849 

0.850 


157 

0-855 

0.850 


157 

0.854 

0.850 


159 

0.854 

0.849 


158 

0.855 

0 . 848 


157 

0.854 

Azeotropic 

Mixture Ai 

0.84s 


The specific gravit}^ of benzene is 0.879, compared with 0.790 for alcohol. 
It is evident, therefore, that the residue contains more alcohol as the distilla- 
tion progresses while the distillate remains constant in composition and con- 
tains more benzene than the original constant-boiling mixture. Had the dis- 
tillation been carried far enough so that only a small amount of residue re- 
mained, the distillate at length would have shown an inenase in alcohol 
content. Actually the distillation was brought to a close before this changf' 
had time to begin, but was continued until a sufficient volume of the azeo- 
tropic mixture Ai was made available for the remainder of the work. The 
low-pressure constant-boiling mixture is relatively richer in benzene. Just 
as in the preceding case of hydrochloric acid and water, the changta in density 
during fractionation serve to distinguish the constant-boiling mixture from a 
single chemical individual. 

To prove that the distillate obtained under diminished pressure was actual- 
ly the azeotropic mixture, it was fractionated under the same pressure. No 
changes in density occurred, as the following data show. 


Table IV 

Methyl Alcohol and Benzene 

Fractionation of the Low-Pressure Azeotropic Mixture under Diminished 

Pressure 

Pressure Specific (Gravity 

mm Distillate Residue 

IS 7 0-855 0.855 

159 0.855 0.85s 

Fractionation of the low-pressure constant-boiling mixture was then 
carried out at atmospheric pressure, to complete the cycle. The results follow. 
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Table V 


Methyl Alcohol and Benzene 


Fractionation of the Low-Pressure Azeotropic Mixture under Atmospheric 

Pressure 


Pressure 

mm 

Azeotropic 

Mixture Ai 740 

»» 


Specific CJravity 


Distillate 

Residue 

0 849 

° 8ss 

0.849 

0.856 

0.849 

0.858 

0 . 849 

0.864 

Azeotropic 


Mixture A© 



By referring to the temperature-composition diagram it is apjiarent that 
fractionation of the low-pressure azeotropic mixture Ai at atmospheric pres- 
sure Po will give ris<* to a distillate of which the composition is represented very 
closely by the point a and which is therefore identical with the original con- 
stant boiling solution Aq. The residiKN on the other hand, will increase in 
benzene conbmt as tlie distillate is prcxluced, until at length the composition 
of the distillate will also begin to change toward the Ixmzene side. In the last 
experiment the fractionation was not carried far enough to give rise to a 
progressive change in the distillate, but it may Ix^ seen that the distillate is 
identical with the azeotropic mixture A© while the residue is growing slowly 
richer in Ixnizene. Taken as a whole, the experinx'nts with methyl alcohol 
and benzene represent a complete* cycle, in which the composition of the 
distillate has trac(*d the |)ath abedoy ivhereas this path >vas followed by the 
residue in the cas(* of hydrocdiloric acid and water. 

In distinguishing between a constant-boiling mixture and a pure liquid, 
completion of the w'hole cycle is of course unne(‘essary. A single fractional 
distillation at low pressure wdll ordinarily suffice. If there is a difference in 
density between the residue and the first sample of distillate the liquid under 
test is a mixture, even though it can not lx* distinguished from a chemical 
individual when boiled at atmospheric pressure. It should be noted, however, 
that there is one case where the test will fail, for if the two constituents in the 
mixture are dynamic isomei*s between which equilibrium is reached practi- 
cally instantaneously, the mixtmu will tehave as a single individual at all 
pressures and no changers during distillation will be possible. 

The detection of constant-boiling mixtures could be carried out by apply- 
ing the same general theory in a different way. The azeotropic mixture 
obtained at atmospheric pressure, instead of being distilled under diminished 
pressure, could be distilled at atmospheric pressure in a current of air. The 
latter would serve to lower the partial pressures of both water and acid in the 
vapor, and the effect would be virtually the same as if the constant boiling 
mixture were being distilled under diminished pressure. Fractionation would 
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therefore take place, and would serve to distinguish the original mixture from 
a pure liquid. This method was not tested by actual experiment, but a third 
possible method, as described in the next paragraph, was tried instead. 

If a thermometer be placed in the vapor just above the liquid in the dis- 
tilling flask and a second thermometer in the escaping vapor at the top of the 
fractionating column, there will be no difference in theory between the read- 
ings on the two instruments if fractionation is not occurring and the pressure 
is the same in two places. There will thus be little or no difference between 
the thermometer readings whether the liquid being distilled is a chemical 
individual or an azeotropic mixtiu’e. In the latter case, however, a change of 
pressure will cause fractionation to begin, as we have seen, and the upper 
thermometer as a result should read noticeably less than the lower one. This 
method was tried out experimentally, but while the data obtained from the 
thermometer readings were more or less in agreement with the preceding 
statement, it proved so difficult to keep from superheating the vapor in the 
flask, and to maintain the pressure constant during the low pressure distilla- 
tion, that the method was abandoned. It could no doubt be made to work if 
all the necessary precautions were taken, at least for those cases where there 
is a sufficient difference between the boiling point of the azeotropic mixture 
and the boiling points of the pure components. 

Summary 

1. A simple laboratory method for distinguishing between a chemical indi- 
vidual and an azeotropic or constant-boiling mixture has lieen described. 

2. The method is based on the familiar principle that a change of pressure 
displaces the azeotropic composition. 

3. The method has been applied ejcperimentally to the two systems: 
hydrochloric acid-water, and methyl alcohol-benzene. 

4. In each of these systems, a complete distillation cycle, reversible in re- 
spect of either the residue or the distillate has been demonstrated by experi- 
ment. 


Cornell University. 



ADSORPTION FROM SALT SOLUTIONS BY C OLLOIDAL COPPER 

FERROCYANIDE' 

BY MIKKEL FRANKERT AND JOHN A. WILKINSON 

Introduction 

The water extract from a soil may be acid due to the piesc^ncc of soluble 
organic or inorganic acids, or to acid set free by the hydiolysis of salts of 
aluminium or iron. In addition to this, however, some* acid may be developed 
when the soil is treated with a solution of a neutral salt such as KNO3. There 
are two explanations given as to the cause of this latter acidity. 

In one, the acidity is said to Ik? due to the presence in the soil of insoluble 
silicic acids which on treatment with the salt solution exchange the acid H for 
an equivalent amount of the metal ion of the salt and thus set free in the solu- 
tion an equivalent amount of acid. This view is usually called the base ex- 
change theory^. 

In the other, the acidity is said to be due to the selective adsorption of the 
hydroxyl ion from the water and the metal ion from the salt by the soil par- 
ticles, especially th(‘ colloidal fraction, thus leaving an equivalent amount of 
acid in the solution. This is designated as the adsorption theory^. Th(* 
purpose of this investigation was to use a colloidal material of known composi- 
tion and one capable of base exchange and tn^at this with salt solutions in an 
endeavor to find if any acidity was (leveloped, if any base exchange took place, 
and if there was any relationship lx*tw(H*n the base exchange and the acidity 
developed. For this purpose colloidal copper ferrocyanide was chosen because 
it is easily prepared pure and very small amounts of copper may be accurately 
determined to show whether or not any base exchange has taken place. 

Preparation of Materials 

A large amount of copper ferrocyanide was prepared by rapidly mixing 
solutions containing equivalent amounts of copper chloride and potassium 
ferrocyanide. The precipitate was washed with distilled water by decantation 
until peptization became quite marked, was then filtered, dried on a hot plate 
at so®C>, ground in a mortar and again washed by decantation until peptiza- 
tion began. The wash water then showed no test for chlorides. The solid was 
dried as before and ground to pass a 120-mesh sieve. SuflScient copper ferro- 
cyanide was made at one time for all the experiments. 

When this copper ferrocyanide was suspended in distilled water in a V 
tube with a difference of potential of 1 10 volts across the anns, the particles 
moved to the anode showing that they were negatively chargcnl. 

' Contribution from Chemical Laboratory Iowa State College. 

*Tniog: J. Phye. Chem. 20, 457 (1916). Tniog calls this acidity mineral acid. 

* Bancroft: Applied Colloid Chemistry, p. 120; Harris: J. Phys: Chem. 18 , 355 
(1914); Cameron: 14 , 400 (1910). 

* Care must be taken not to heat copper ferrocyanide much above 50® as it will take 
fire spontaneously. 
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The solutions were all made with conductivity water and with the excep- 
tion of the HCl, KOH, and aluminium salts were all made neutral to phenol- 
phthalein, by using the corresponding base or acid, before adding them to the 
copper ferrocyanide. After equilibrium was reached, the solutions were 
brought to the same end-point in determining the acidity developed. In the 
case of the aluminium salts, alizarin yellow was used in place of phenol- 
phthalein as the color of the former indicator is not affected by the hydrolysis 
of the aluminum salts. 

Procedure 

A. DeiermiTiaiion of the Acidity or Alkalinity developed. 

The amount of acidity or alkalinity developed was determined by placing 
two grams of the colloidal copper ferrocyanide in each of a series of 1 50 cc 
flasks and adding varying quantities of water and salt solution to them. Suf- 
ficient water was added in each case to make the total volume of solution 75 
cc. The figures on the graphs are the number of cc of the salt solution present 
in 75 cc of the solution added to two grams of copper ferrocyanide. The 
concentration of the solution was usually normal unless the solubility of the 
salt was lower than this. In all cases the concentration is indicated on th(* 
graph. It was found that eight hours was a sufficient length of time for the 
system to come to equilibrium if the contents were shaken occasionally. 
However the flasks were always allowed to stand at least forty eight hours to 
insure equilibrium. 

At the end of the adsorption period, twenty five cc of the supernatant 
liquid, if clear, was pipetted off and titrated to the same end-point as had been 
used before adding to the copper ferrocyanide. If the liquid was not clear it 
was centrifuged at a speed of 1500 r.p.m. until it cleared, which required 
several hours in some cases. If, as happened in a few cases, this did not clear 
the solution, a few drops of KCl solution were added, which caused the colloid 
to settle immediately on centrifuging. Since the amount of acid or base 
developed was sometimes very small, it was necessary to duplicate exactly the 
color change of the indicator. The titrations were therefore made in 50 cc 
Nessler tubes, and were usually made with a o.oi N solution unless the acidity 
or alkalinity developed became large and then more concentrated solutions 
were used and the results calculated and expressed in terms of 0.01 N. Only 
when much copper was dissolved was any difficulty experienced in getting 
an end-point the same as the original. 

B. Determination of the Amount of Copper dissolved. 

The copper was determined colorimetrically, the standard set being made 
from a solution of copper sulphate containing o.i gram of copper per liter. 
The standards contained from 1 to 10 cc of this solution and 2 cc of concen- 
trated ammonium hydroxide and were diluted to 50 cc in Nessler tubes. In 
determining the amount of copper dissolved, any colloidal copper ferrocyanide 
was precipitated and filtered out and 25 cc of the filtrate was treated with 2 cc 
of concentrated ammonium hydroxide, diluted to 50 cc in a Nessler tube and 
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compared with the standard set. In case the ammonium hydroxide formed a 
precipitate, as it did with the aluminum and barium salts, this was filtered out 
before diluting in the Nessler tube. If the copper contcujt was more than 0.001 
gram an aliquot part, was taken for comparison . An amount of copper less than 
0.0001 gram in 25 cc could not be determined by this method and since 25 cc 
was taken for analysis from the 75 cc of the liquid abov(‘ the copper ferro- 
cyanide the minimum amount of copper reported is 0.000.^ gram. 


Data 


The results obtained are shown in Figs, i , 2,3, and 5. In the first three th(' 
concentration of the salt solution, expressed as cc of N solution present in 75 
cc of solution, is plotted against the cc of 
0.0 1 N acid or base that was devel- oped 
in the 75 cc of solution after coming to 
equilibrium in contact with two grams of 
the copper fcrrocyanide. In Fig. 5 the 
amount of copper found in 75 cc of the 
solution is [ilotted against the concentra- 
tion of the salt solution. 


Discussion of Data 

The potassium salts, Fig. t, show a 
gradual change from developing a small 
amount of acidity with the chloride to 
large amounts of alkalinity with the 
fcrrocyanide. The acetate gives a neutral 
solution at all concentrations of the salt 
while the fcrrocyanide d<‘V(‘lops alkalinity 
first and then changes to acid up to 1.2 cc 
of 0.0 1 N and beyond that becomes less 
and less acid approaching neutrality. 



Fi(.. I 


Dipotassium hydrogen phosphate 
and potassium fcrrocyanide' both develop alkalinity the latter bm’ng much 
the larger in amount. 


It is difficult to sf'c how any acidity or alkalinity can be* developed by the 
replacement of the copper of copper ferrocyaniele by potassium from potassium 
salts, especially from potassium fcrrocyanide, on the basis of base exchange. 
On the principle of selective adsorption the explanation is that in water the 
copper fcrrocyanide adsorbs the OR- ion more than 11“^ and becomes nega- 
tively charged as is indicated by the cataphoix'sis which was mentioned before. 
On the addition of KC'l both ions are adsorbed but the K"*" ion in the larger 
amount being sufficient to neutralize both the CD and ()H~. Tl\e colloid is 
precipitated, carrying down with it the adsorbed ions, with the result that 
there is left in solution an amount of HCl equivalent to the OH~ adsorbed or 
it may be considered as equivalent to the excess of ion adsorbed over the 
CD ion. 
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With the nitrate the same thing occurs with the exception that the nitrate 
ion is more adsorbed than the Cl“ ion and so less OH“ ion can be taken up- 
As a result less acid will be set free by the K'*’ ion neutralizing OH". That is, 
the more of other negative ions that are taken up the less OH" can be held. 
That this is the explanation is supported by the fact that S 04 “ ion is more 
effective in cutting down the acidity than is the NOa" and it is known that in 



general it is more adsorlied by a negative colloid than is the NOj". The order 
of the adsorption of anions from solution by copper ferrocyanide as shown by 
the acidity developed is Cl" <NOr <S 04 “ <Fe(CN)6“<OH~ and Acetate" 
<HP 04 "<Fe(CN) 6 .”” 

In the last two cases they are so highly adsorbed that they overcome complete- 
ly the effect, of the adsorption of the K"^ and OH" ions and cause the colloid to 
adsorb some of the H"^ ions from the water with the result that the solution 
becomes alkaline and, in the case of the ferrocyanide, this amounts to 200 cc 
of 0.01 N KOH solution. The ferrocyanide being the anion of the colloid and 
having the high negative valence is highly adsorbed. 
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With the ferricyanide, Fig. 3, the solution is first alkaline due to the ad- 
sorption of Fe(CN)^and H"*" ions, leaving an equivah^nt amount of KOH in 
solution. Soon however the ion becomes effective and cuts down the alka- 
linity due to the Fe(CN)^and finally overcomes it entirely and the solution 
becomes acid. These results are plain if the forms of the adsorption curves 
are assumed to be as shown in Fig. 4. 

The experimental curve will \w the resultant or the difference between the 
two because one of them tends to develop acid and the other base*. At first the 
adsorption of the Fe(C'N)® is greater 
than K“*" and the diffenuice increases 
up to the point A and this represents 
the point of gieatest alkalinity. From 
there the difference decreases to the 
fwint B where the two ions an' equalh' 
adsorbed and the solution is neutral. 

Beyond B up to the point C the ad- 
sorption of the is the greater and 
the difference inen'ases up to the point 
C which is th(^ point of maximum 
acidity. Beyond (' the difference g('ts 
less and k'ss and the acidity falls off 
proportionally. The curve for the 
ferricyanide is interesting since it 
iinlicates that each ion has its own adsorption curve and the experimental 
curve that is obtain<‘d is the resultant of all the separate curves. 

The curve for KOH, Fig. 2, shows the strong adsorption of the base when 
pn'sent alone. The dotted line shows the amount of KOH added and the full 
line the amount taken up. The two lines coincide until the concentration is 
5 cc of o.i N KOH in 75 cc of solution and beyond that they are close together 
until at 75 cc of o.i N solution the copper ferro<;yanide adsorbs 95^; ^ of the 
KOH. In dilute solutions of KOH the colloid is very highly peptized. 

The curve for H (1 shows that it is completely removed up to 10 cc of 0.1 
N H (1 75 cc of solution but the percent adsorbed l)eyond that point decreases 
very rapidly and from a o. i N solution only 2 1 .3^? taken up. This shows the 
less tendency to adsorb the H"^ ion than the OH"”. It is to te noted that al- 
though HCl alone is completely adsorbed up to 10 cc of 0.1 N in 75 cc, in the 
presence of KCl the equilibrium is reached with less than 3 cc of 0.0 1 N acid 
present. This may mean either that the KOI has saturated the colloid so that 
it cannot take on as much HOI or that more acid had been formed with KOI 
but had been taken up. 

The aluminium salts all develop alkalinity and the order is the same as for 
the potassium salts, namely Cl <N 03 <S 04 . This might be looked upon as 
being due to the hydrolysis of the aluminium salts and the adsorption of the 
free acids. The curve for the AlCls follows in the neighborhood of that for HCl. 
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However one would not expect A1(N03)3 to be so much more hydrolysed than 
is AICI3. It seems better to consider that colloidal copper ferrocyanide tends 
to adsorb negative ions and the more positive they are (the less negative) the 
less they will be adsorbed. The trivalent aluminium ion will be less adsorbed 
than the monovalent potassium and therefore the solution will tend to be less 
acid (more basic) with Al'^'^'^ than with K"^. 

That this is the better explanation is shown by the fact that Ba(N 08)2 and 
potassium acetate curves are alike. The solutions develop neither acid or 
alkali. With the nitrates divalent lieing intermediate between trivalent 
Al“^^'^ and monovalent the curve falls between them. The acetate ion 
adsorption is equivalent to the monovalent while the NOJ which is less 
adsorbed than the acetate is equivalent to the Ba**""*" ion which is less adsorbed 

than the K"*“. The hydrolysis of 
Ba(N08)2 would not be of sufficient 
amount to account for the difference 
between it and KNOs. Further 
Ba(NOs)2 and KC2H3O2 which give 
identical curves for adsorption are 
certainly not of the same order of 
hydrolysis. 

The curve for BaCl2, Fig. 3, is of 
the same type as that of KsFeCC^N)#} 
as it develops alkalinity first, becomes 
less alkaline and finally more alkaline 
again. The explanation is the same as 
the ferricyanide, the divalent Ba”^”^ is 
less effective than the monovalent Cl” 
at first but soon tends to overcome it just as the monovalent overcame 
the trivalent Fe(CN 7 - In this case however the Ba“^^ is never entirely 
able to overcome the and so the solution never becomes acid or even 
neutral. 

An examination of Fig. 5 showing the amounts of copper dissolved brings 
out the following points: (a) HCl which was completely adsorbed up to 10 
cc of o. I N in 7 5 cc of solution shows no copper up to that point and beyond 
that point the increase in copper is regular until in the o.i N solution 0.038 
gram of copper has dissolved. The copper equivalent to the HCl lost from 
the solution would be 75X0.213X0.03175 = 0.0507 grams. This shows that 
the amount of copper dissolved is not equivalent to the acid lost. It seems 
therefore that adsorption takes place first and this is followed by chemical 
action. 

(b) With KOH (the data are not shown) the copper ferrocyanide was highly 
peptized especially in the dilute solutions but no test for dissolved copper wa^ 
obtained as it was probably precipitated as the hydroxide. Only at high^i' ; 
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concentrations could a test for Fe(CN)^ be obtained, the first trace being 
shown at 15 cc of 0.3 N KOH in 75 cc of solution. This indicates that some 
chemical action had taken place. 

(c) KCl which gave the most acidity showed no copper in solution and the 
same is true for the nitrate which showed the next amount of acidity. The 
sulphate gave* a mere trace of copper at 40 cc of N solution in 75 cc. After 
the sulphate the K2HPO4 which developed alkalinity gave the most copper in 

solution. The order of the effect of the 
anions on the copper dissolved is as 
follows: (Cl and NO3 have no effect) 
<SO4<HPO4< acetate. This is nearly 
the reverse of the order of development 
of acidity with the exception of the 
acetate. The ferrocyanide and the 
ferricyanide leave no copper in solution 
because of the excess of the ferro and 
ferricyanide ions which would precipi- 
tate any copper ions that dissolved. 

(d) With the aluminium salts the order 
is different from the order with potas- 
sium. The amounts of copper dissolved 
are in the following order: N03> S04> Cl. 
The latter two being about equal amount 
while the former is considerably gieater. 
This might 1 h* considered to Ix" du(‘ to the oxidizing effect of the nitrate but 
if this were the explanation the curve for the copper dissolved would show 
more of a propoitionality between the concentration of the salt and the 
copper dissolved. Instead of that it rises very rapidly and reaches almost 
a constant value. That it is not due to the nitrate is shown by the fact that 
neither KNOs or Ra(N()3)2 show any copper dissolved at any concentrations. 
There is no relationship either direct or indirect between alkalinity 
dt‘veloped and the copper dissolved by aluminum salts. If we take the values 
for 75 cc of N salt solution in 75 cc of solution we get the following table: 

cc 0.0 1 N alkali dev. gni eopper dis. 

60 0.0270 

1425 0.0290 

B15 O.C37S 

Conclusion 

(i) The acidity and alkalinity developed by the treatment of colloidal 
copper ferrocyanide with different salt solutions have been determined. 


Aid, 

Al2(S04)3 

A 1 (N 03)3 
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(2) The amounts of copper set free in these same solutions have been 
determined. 

(3) The colloidal copper ferrocyanide has l)een shown to develop a com- 
plete series from slight acidity to stronger alkalinity depending on the nature 
of the anions and cations used. 

(4) The forms of the acidity curves are best explained by selective adsorp- 
tion. This is best shown in the case of K3Fe(CN)fi which first developed 
alkalinity and then acidity. 

(5) With HCl adsorption precedes chemical action and is complete up to 
10 cc o.i N HCl in 75 cc of solution. 

(6) With KOH adsorption is complete up to a concentration of 15 cc of 
O.I N in 75 cc of solution and be>^ond that point up to a o.i N solution it is 
always more than 95% complete. 

(7) With the potassium salts the amount of copper dissolved is in an in- 
verse order to the amount of acidity developed. The acetate is an exception 
to this. 

(8) With aluminium salts there is no definite relationship between the 
amounts of copper dissolved and the alkalinity developed. 

(9) The results are explained l>etter on the basis of the adsorption theory 
rather than that of base exchange'. 


A ttica, Jou'd 
March, 19^4’ 



REFRACTIVITY AND THE MOLECULAR PHASE 
HYPOTHESIS. 1. 


BY E. C. C. BALY AND R. A. MORTON 

It is well known that the Sellrneycr dispersion formula in its simplest form 
expresses the refractivity of substances with considerable accuracy, provided 
that the characteristic absorption frequency lies in the extreme ultra-violet re- 
j^lion of the sp(*ctrum. This has been clearly shown by Mr. and Mrs. Cuth- 
bertson in tb(‘ cas(' of many gaseous elements and compounds.^ The formula 
is usually written in th(» form 





\\h(‘re n is the refractive index for light of the frequency N is a constant 
and Po is th(* charactc^ristic fn*queney in the ultra-violet. In the case of 
gases where the indices are not much greater than unity, n-i may lx? used in 
place of n*~i. 

This formula does not apply at all well if the* substance exhibits an ab- 
sorption band in the near ultra-violet as well as in the extreme ultra-violet. 
This is paiticularly noticeable with ozone and the halogen elements, all of 
which exhibit absorption bands in the long-wave ultra-violet. In Table I 
are given the observed refractivities of chlorine together with the values 
calculated from the formula 

7-3131x10” 

9 6294 X 10®® 

The constants w(»re calculated by the method of least squares so as to obtain 
the best possibh* values. 

Table I 


Wavc-I(»ngth 

(n~i)Xio» 

Observed 

(n- OXio** 
Calculated 

Difference 
Calc. — Obs- 

6707.85 

77563 

77556 

-7 

6438.47 

77703 

77697 

-6 

5790 69 

78121 

78123 

+ 2 

5769.60 

7813s 

78139 

+4 

5460 74 

78400 

78402 

+ 2 

3209.08 

78651 

7865s 

+4 

5085.83 

78791 

78791 

+ i 

4799.91 

79166 

79156 

— 10 


It will be seen from the last column that the agreement is very far from sat- 
isfactory, since the calculated dispersion curve is flatter than the observed 
curve. This divergence is commonly attributed to the omission of a second 


‘ Phil. Trans,, 213, i (1^14). 
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term in the formula, but up to the present no success, has been obtained with 
this dispersion formula with the addition of a second term. 

The molecular phase hypothesis', however, leads to a simple modification 
of the Sellmeyer formula which expresses the refractivity of substances with 
remarkable accuracy and in the present paper its applicability to some gases 
may be dealt with. According to this hypothesis a pure substance at a given 
temperature and pressure is an equilibrium mixture of two or more phases 
of one molecule, each of these phases being characterised by a frequency 
which is an integral multiple of the fundamental frequency of the molecule. 
This fundamental frequency is situated in the infra-red region of the spec- 
trum, whilst the phase frequencies lie in the visible or ultra-violet region. 
Since two or more phases are present the observed refractivity will be the 
sum of the effects due to these phases, the effect of each phase being prop)or- 
tional to its concentration. The following formula therefore is arrived at: — 


(n^i)(Vi+V2+V3-h....) 


Mi . YiN 2 . YjN » + 


where Vi, V2, V3, etc. are the relative volumes of the phases present in the 
gas, viy V2, Vs, etc. their characteristic frequencies, and Ni, Na, Ns, etc. are 
constants characteristic of the phases. Since the phase frequencies are 
integral multiples of the fundamental frequency characteristic of the molecule, 
the formula may be written in the form: — 


(n~i)(V,+V2+V3+....)- 


V,Nx 


+ 


V2N2 


+ 


VaNs 


where is the fundamental frequency, and a, b, c, etc. are positive integers. 
If the whole of the molecules present in the gas exist in one phase the 


formula is simplified to : — n-i « 5 — 

{xvj^)^v- 

so that the Sellmeyer formula in its simple form is applicable to this condition 
and this condition only. This formula for light of infinite wave-length be- 


comes (n-'i ^ ) = — — 

"" ^ (xv^y 

and we therefore have N,- (xvx) 2 (n-i)jj^ . 

' Since the value of n-i for waves of infinite wave-length must be independ- 
ent of the phases in which the molecules exist, the values of Nj, N*, Na, etc. 
must be equal to (ai'x)Hn-i)cci(t)>'x)^(n“i)oci(ci'x)Hn-“i)oj.i re 8 p)ectively, and 
hence the complete di 8 p)ersion formula becomes: — 


(n~i)(Vi-f-V,+V8-f- ...)> 






In this form the physical significance of the formula is rendered more apparent. 

Now chlorine is known to exhibit only one absorption band in the ultra- 
violet at greater wave-lengths than 2100 A., which is the limit of a quartz 
Bp)ectrograph working in air. It must be remembered that this absorption 


Baly: Phil. Mag., 40 , i; 15, (1920). 
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band has no apparent connection with the fine line absorption in the visible 
region, which moreover seems to have no influence on the refractivity since 
the dispersion curve is perfectly smooth and regular over the region wherein 
the fine absorption lines can be observed. 

Since chlorine only shows one absorption band in iho near ultra-violet 
it is probable that two terms in the above formula will be sufficient, that is 
to say there are only two phases present, one having its frequency in the 
extreme ultra-violet and not yet observed. For purposes of calculation the 
formula can therefore be simplified to 


(n-i)(i+V) = 


N, 


+ 


VNs 


where V is the relative volume of the molecules in the phase with larger fre- 
quency, the volume of the molecules with frequencies in the near ultra-violet 
being considered equal to unity. Now the centre of the first absorption band 
of chlorine lies at the wave-length 3380 Angstroms^ or the frequency 8.876X 
10^^, but it must be rememb(^red that the accuracy of this measurement caiinot 
be guaranteed to within one Angstrom. Assuming in tlu^ first instance that 
the fn^quency of this absorption band is correct we have 

N, . VN2 


(n--i)(i-bV) = 


( 8 . 876 Xio'<)»-I'* {hv^r V 


Where V, Ni, Na, and are unknown. 

With a single dispersion curv<‘ we have not found it possible directly to 
determine these unknown quantities but have employed the following method 
of solution. As may readily be seen, the value of bi'x may be determined 
if it be assumed that Ni = N2, since if the disjwrsion curve is expressed by the 
formula it will equally well lx* expressed by 


(n“i)(i-f V0 = 


N 

(S-S)6Xio^*)-p- 


+ 


V^N 


where V* is a constant. From the refractivities of chlorine for four different 
frequencies it was found that all the observed refractivities are expressed with 
considerable accuracy by the fonnula 

7.948X10^^ 4620 8X7.948X102^ 


(n-i)(462i .8) — 


7 


+ 


104. 834 X 


Th(‘ values of the phase frequencies vi and P2 arc therefore very near to 
8.876X10*^ and 3.23781X10** respectively, and these must therefore be 
integral multiples of the fundamental frequency of chlorine. Now the ratio 
of these two frequencies is 3 .6479 and the two smallest integers which have a 
ratio approximating to this are 197 and 54, the ratio of these integers being 
3 . 64815. Assuming this ratio to be exact it is easy to calculate the constants 
anew in the formula 


(n-^i)(i+V*) 


N 




+ 


V«N 


^ G. Hibaud: Aim, Phys., 12, 107, (1919). 
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where is the f\mdamental frequency of chlorine. The final values obtained 
were as follows; — 

(n-i)(46,o.6)= . ?-9450 ^SXx o»1 ^ 464 j„ 6 J> < 7 . 945 . 03 , 5 X x?” 

7 -873996 X 104. 79487 

and the refractivities calculated from this formula are given in Table II. 


Tablk II 



n <)l)s. 

n calc. 

Difference 

calc,~obs. 

6707.87 

T .00077563 

I .000775645 

4*0.000000015 

6438.47 

I .00077703 

I .000777020 

— 0.000000010 

5790.66 

1 00078121 

I .000781204 

— 0 . 000000006 

5769.60 

I .00078135 

I 000781365 

+0.000000015 

5460 . 74 

i .00078400 

I .000783984 

— 0.000000016 

5209.08 

I .00078651 

j .000786511 

+0.000000001 

5085 83 

I .00078791 

1 .000787906 

— 0 . 000000004 

4799.91 

L. 00079 166 

I .000791643 

— 0.000000017 


The value of (n i)cc given by the above formula >s i .000760158, and 
since Ni = (n~i)a X 7 •873996X102® = 5. 98548X io 2 ®and N2= (m i)oc X 104.- 
79487 X io2®~ 7 q66o6X to 2 ^, the value of V is at once found to lx* 349 . 6. The 
final dispersion formula for chlorine is therefore 

(n-i)(^So 6)= 5 98548X10®® ^ 349-6X7 96606X102^ 

7 . 873996 X Io 2 ®~l '2 104 . 79487 X Io 2 ®-~I '2 

The agreement between the calculated and observed values of the refractive 
indices is remarkably good and decidedly better than that obtained by the 
use of the approximate formula first used. There is no comparison between 
the results obtained by the new formula and those given by the simple Sell- 
meyer formula and set forth in Table I. 

It may be noted that the first formula for chlorine was calculated on the 
assumption that the measurement of the central wave-length of the first 
absorption band was exactly 3380 Angstroms, but this is not necessarily 
correct to within one Angstrom, In the second and final formula the integral 
relation betwt>en the frequencies of the two absorption bands was taken as 
exact and the wave-length of the band was found to be 3380.8 Angstroms, 
the difference of o . 8 Angstrom being well within the limits of experimental 
error of measurement of this band. The agreement between the calculated 
and observed frequencies given by the formula establishes some confidence 
in its correctness, especially in view of the fact that the formula involves no 
new assumption beyond that the simple law of mixtures bolds good with diff- 
erent molecular phases of the same molecule. 

Before discussing the deductions to be made from the dispersion formula 
of chlorine the validity of the new formula may be tested on other gases, but 
unfortunately the accuracy of the refractivity measurements of other gases 
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wifch absorption bands in the near ultra-violet is not as great as in the case of 
chlorine. The validity of the formula is however supported by gaseous bro- 
mine and by ozone. 

In the case of bromine the refractivities observed and those calculated 
from a simple Sellmeyer formula are given in Table III.^ 

Table III 


X 

(n-i)Xio^ 

obs. 

(n-DXio’ 

calc. 

Difference 

6707 87 

11525 

11518 

“^7 

6438.47 

IT 570 

11571 

+ i 

6000 

I 1662 

11675 

+ 13 

5800 

11735 

11731 

-4 

5750 

11741 

11746 

+ 5 

5700 

11762 

T 1762 

0 

5600 

11796 

I 1 767 

-29 

5460.74 

1 1849 

1 1842 

-1 


The absorption band of Vuomine vapour has its centre at X = 42io A‘^ and 
luuice the value of is 5 07 7833 X 10^®. Using the same meth(Kl as in the 
case of chlorine the following formula is obtained: — 

(n-.)(79 708)= - J . 59538 X.o=« 78 7 Q 8 X 6 05.^02X10^^ 

5 077833 X 54.O314X 10®®“^^ 

and the calculated refractivities are given in Table IV. 

Table IV 


X 

(n-i)XTO' (n~i)Xitv 

ol)6. calc. 

Difference 

6707 .87 

11525 

11520 

-5 

6438 47 

11570 

11570 

0 

6000 

11662 

1 1672 

+ 10 

5800 

11735 

11730 

-5 

5750 

I1741 

11746 

+ 5 

5700 

1 1762 

11763 

+1 

5600 

11796 

11799 

+3 

5460.74 

11849 

11854 

+s 

The agreement is vcty 
rneyer formula. 

distinctly lietter than 

in the case of the simple Sell- 

In the case of ozone fhe refractivities given by Mr. and Mrs. C'uthiiortson 


are obviously somewhat untrustworthy as these authors themselves point out, 
since the observations do not lie on a smooth curve. Before any use can be 


^ C, and M. Cuthbertson: loc. cit. 
* liibaud: loc. cit. 
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made of these it is necessary to obtain the best approximation of the true 
dispersion curve of ozone and after plotting the observed values on squared 
paper the test possible curve was drawn through them. Now ozone exhibits 
an absorption band with centre at X“255o whence .3840831X10*®. 
The dispersion curve is exactly expressed by the formula 


(n-i)(4.9oo6)= ^ 7573 .Xio^» ^ 3_ 9 0 o6Xi .47159 Xio» 

1 .384083 1 Xio*®-*^ 3 .0142257X10*^1^ 


The values of and ^2 are i 176471X10^® and 5.49016X10'® respectively, 
and the ratio of these two numbers is 4 . 667 which is 14/3. The formula there- 
fore can be written 


(n-i)(4.9oo6) = 


6 7573X10^® 4. 

(3X3.92t57Xio'®)2-i/2 


3 .9006X1 .47159X10** 
(14X3 .92157X10'®)*-^* 


The values given by this formula, which He exactly on the dispersion curve 
are given in Table V together with the Cuthbertson observed values. 


Table V 


X 

(ii-i)Xio^ 

calc. 

(n~i)Xio* 

obs. 


6707.87 

50764 

50764 

0 

6438.47 

50957 

50967 

— 10 

5790.66 

51567 

51514 

+ 53 

5769.60 

51592 

51624 

-32 

5460 . 74 

51993 

52000 

-7 

5209 .08 

52394 

52375 

+ 19 

5085.83 

52657 

52621 

+36 

4799.91 

53249 

53290 

-41 


L(‘t it be assumed that the fundamental molecular frequency of oxygen is 
the same as that of ozone, and therefore the refractivity of oxygen should be 
represented by a formula analogous to that for ozone. On this assumption 
the ultra-violet absorption frequencies of oxygen will be integral multiples 
of the same fundamental frequency as that of ozone, namely 3 .92157X10'^. 
It is well known that oxygen possesses an absorption band with centre near 
to 1900 A. and that these rays photochemically convert it into ozone. Now 
4X3 .92157X10'^ — 1 .568628X10'® corresponds to the wave-length 1912 .5 A. 
and this therefore may be taken as the centre of the band. The refractivity 
of oxygen can exactly be expressed by the formula 

(n-i)(io.4i,7) 6.53793 Xxo^» 9, 4157 X 8 00896X 

(4X3 .92157X10'^)*-'!^ (14X3 .92157X10'®)*-!^ 

as can be seen from Table VI. 


' Ribaud: Ick!. cit. 
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The more refrangible band of oxygen therefore is the same as in the case 
of ozone and the frequency of the less refrangible band is four times the funda- 
mental freuqency instead of three times as in the case of ozone. The different 
values of N2 are due to the fact that (n-i)^^ is different for the two gases. 
Although perhaps too much may not be claimed from this result in view of the 
inaccuracy of the observed refractivities of ozone, yet it may be said that the 
general validity of the new dispersion formula seems to ho established. 

Table VI 


\ 

fn--i)Xio’ 

calc. 

(n- i ) X 10” 
obs. 

6562 .82 

26974 9 

26975 

5790.66 

27098.8 

27090 

5460 . 74 

27170 . 2 

27170 

4861 .39 

27345 I 

2734s 


As regards th(» constants Ni, N2, etc. in the numerators of the formula it 
has already been shown that these constants are the products of the refractiv- 
it}' for infinite wave-length into the square of the frequency of the absorption 
band. It follows from this, since the refract ivity of a gas is directly propor- 
tional to the pressure, that (n 1)^ must be proportional to the density, the 
f requeue*}' of the absorption band being constant and independent of the 
pr(^ssure. Again, (n- must obviously depend on the nature of the gaB 
and thu'! we may write for any gas 

(n-i)^ «DXC, 

w'here I) is tin* total mass of the molecules in oik* linear centimetre and C is a 
fundamental constant characteristic of the gas. The value of (n- i)^^. for 
oxygen is 0.000265705 and taking the number of molecules in i cc of oxygen 
to be 2.75X10'® and the mass of one molecule to ho i 56Xio~®^X32, the 
value of C is found to be i .7593 X lo'^. 

The frequencies of the two absorption bands of oxygen, vi and P2 were 
found to be 4X3.92157X10'* and 14X3 .92157X 10'* respectively, but it 
must be remembered that the fundamental frequency may be a sul>*multiple 
of 3 . 92 1 57 X 10'*. It is quite evident that this indeed is the case since no very 
strong absorption band is exhibited at that frequency. It is true that this 
frequency lies in the region covered by the A band of the solar spectrum, the 
corresponding wave-length being 7650 A, but the* A bands are only observed 
with very great thicknesses of oxygen, that is to say the absorptive power is 
very small. 

In the infra-red region lx*tween and i/z oxygen only shows two very 
weak absorption bands at alxiut 4 7M and 3.2^, and therefore the funda- 
mental frequency must lie on the long wave-lengtli side of 15^. The fre- 
quencies of these two absorption bands must themselves therefore be integral 
multiples of the true infra-red frequency. Now the frequency 3 .92 157 X 10'* 
/6« 6. 53 59X10'* corresponds to the wave-length 4 SQM and since tlie ac- 

» C. Cuthl)ertson: Proc. Roy. Soc., 83, 151 (1909)- 
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curacy of Coblentz^s measurements cannot he guaranteed within 0.5% there 
is little doubt that this is the correct value of the wave-length of the absorption 
band he found at 4 . 7 m. In order to find the fundamental frequency of which 
the infra-red frequencies are integral multiples we may take the ratio of these 
two frequencies corresponding to 4 . 59/1 and 3 . 2^1 which is i . 43439. The two 
smallest integerswhichbavearatio near to this are 53 and 37, the ratio of which 
is 1.432, and assuming this to be correct the wave-lengths of the two bands are 
found to be 4 . 59/ix and 3 . 204/jt respectively, which are well within the limits 
of experimental error. 

The infra-red fundamental frequency is at once found to be i .7665X10'^ 
a number which is strikingly close to the value i 7593X10^“ which was cal- 
culatt‘d above from the refractivity for infinite wave-length. 

The value of (n-T)^^. for ozone is found from the dispersion formula to he 
0.000488214 and assuming the Avogadro constant to be the same as for 
oxygen the value of the characteristic constant C is found to be 2 . 10065 X 10'® 
which is materially greater than that of oxygen. Although too much stress 
cannot be laifl on the relation Ix'tween these numbers since the ozone value 
depends on the accuracy of the absolute determination of the refractivity for 
one wave-length, it would seem probable that in the ozone molecule an addi- 
tional valency is called into play. This would perhaps lend more support to 

the formula 0 = 0 = 0 than to the formual The value of (n-~i) q. lor 

oxygen is far more trustworthy since the s™Ple Sellmeyer formula which, 
according to (^uthbertson, expreases the reli’^^ctivities of oxygen fairly ac- 
curately gives =0.000265308 and 0 = i .7567X10'® instead of 0.000- 

265705 and 1 . 7593 X 10'® respectively. 

The evidence afforded by the examples given above establishes some con- 
fidence in the correctness of the dispersion formula now brought forward. It 
may be noted that this formula, if proved to be correct, affords information 
which is of some importance. In the first place it defines the physical condi- 
tions existing in a gas, namely the number and the nature of the phases present 
and the relative volumes of each. In the second place it gives more accurate 
values of the characteristic absorption bands than can be arrived at by direct 
measurement. In the third place it leads to an accurate determination of 
the energj^ quantum characteristic of a molecule, this quantum being given 
by the product of the fundamental frequency of the molecule into the Planck 
constant. 

Thus the formula given for chlorine states that this gas at o® and 760 mm 
exists as a mixture of two phjises of the chlorine molecule, the relative numbers 
of molecules in each being 10 and 3496. Each of these phases is characterised 
by an ultra-violet absorption band, the central wave-lengths of these being 
3380 . 8 A and 926 . 73 A., respectively. The fundamental molecular frequency 
of chlorine is 1 .64325X10'® which corresponds to the wave-length 18.2565/1 
and a strong absorption band should be exhibited at that wave-length. It is 
now known that chlorine does not exhibit any absorption bands in the infra- 
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red at smaUer wavp-longths than 1 but the longer wave region has not 
yet lx>en examined. The molecular qtianturn of chlorine will 1m* i . 64325 X 
X6 . s6X 10"*^= 1 . 078 X 10“'* erg per molecule, which is 1613 calories per gram 
molecule. The critical increment of chlorine in any of its reactions should 
therefore lx* 1613 calories or some multiple of this. 

In view of these deductions from the <iispersion formula of chlorine it may 
Im* noted that these depend within limits on the relative values of the refractivi- 
ties for different wave-lengths and not on the absolute values. The correct- 
ness of the value of (n- 1 and hence of the constants Ni and Nj in the form- 
ula depend on the latter. Since* Mr. and Mrs. (’uthbertson do not claim a 
greater accuracy than i in looo for the aijsolute refractivity of chlorine which 
they determined for X = 546o 74. we have not discussed the value of (n-i)oc 
for this gas. The relative valu(*s are, howpv(*r, far more accurate and justify 
the* deductions drawn above*. 

The VnieerHiljf of Liverpool, 
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Synthetic Resins and their Plastics. By Carleton Ellis. ^3X16 cm; pp.614» New 
York: The Chemical Catalog Company, 1933. Price: 36,00. In the preface the author says: 
^^Vast quantities of resins are needed to meet the world’s requirements and the winning of 
resins from natural sources for various reasons is uncertain. The supply of fossil resins is 
by no means abundant and reports from some quarters sound an ominous note of approach- 
ing exhaustion of the sources of these resins. One need but tom to old formula books to 
find receipts for making varnishes from amber and other resins now so rare as to be sold only 
by the ounce. The significance of this observation is that it denotes the passing^ from time 
to time, of raw materials once relatively abundant. Moreover, it marks the entry of syn- 
thetic resins into the market and heralds the activity of research chemists who already have 
demonstrated that it is possible not merely to equal but in many cases to outdo nature by 
producing syntheti(;ally resins having properties greatly desired but not heretofore found in 
natural products.” 

The chapters are entitled : introduction; need for synthetic resins and types desired ; 
cumaron and indene resins; commercial grades of cumaron resin; their uses and identifica- 
tion; modern methods of producing cumaron resin; resins from petroleum— polymerization 
of certain unsaturated hydrocarbons; the resinous condensation products of phenols and 
aldehydes; phenol-formaldehyde resins — bakelite, condensite, redmanol, and miscellaneous 
phenol-formaldehyde resins; phenol-formaldehyde resins — ^use of modifying agents; appli- 
cations of phenol-formaldehyde resins; aldehyde resins; furfural resins; ketone resins — 
acetone resins; urea and thiourea resins; resins from wood and wood distillation; hardened 
rosin and resinates; ester gums or artificial resin esters — spar varnishes; resins from poly- 
basic acids and polyhydric alcohols — glycerol polybasic acid resins; polymerization of 
vinyl compounds — effect of substitution in the ethylene group; sulphur resins; nitro 
resins; halogenated rubl 3 er — chlorinated rubber solutions; miscellaneous resins; certain 
resinous produ<^ts derived from fatty oils; preparation and properties of plastic molding 
compositions; equipment for molding plastic compositions; methods of molding; test and 
quality of molded articles, 

“A synthetic resin is a complex, amorphous, organic, semi-solid or .solid, material, 
usually a mixture of suVistances; built up by chemical reaction, and approximating the 
natural resins in various physical properties; namely, lustre, fracture, comparative brittle- 
ness at ordinary temperatures, insolubility in water and fusibility or plasticity w’hen heated 
and exposed to heat and pressure but commonly deviating widely from natural resins in 
chemical constitution and behavior with reagents,” p. 13. 

” Among the artificial resins, cumaron resin may be considered of prime importance. 
Since the resin is produced simply by polymerization rather than by reaction lietween two 
or more chemically dissimilar substances it falls into the class of strictly polymerized products 
and not into the synthetic domain represented, for example, by such resins as those from 
phenol and formaldehyde. I^pon decomposing the resinous polymer by means of heat or 
destructive distillation cumaron resin yields the constituents from which it has been derived 
while the decomposition by heating of many other resins yields products differing greatly 
from the raw materials used in their making. 

^'Cumaron resin is used for varied purposes and while in a certain measure restricted 
by its nature, progress is being made toward extending its applicability. One reason for its 
relatively limited use at the present time is that the manufacturers of the resin have changed 
their method of manufacture in endeavoring to obtain a better product; conforming with 
the changed practice in the production of the raw material. During the late war the coke 
ovens were run under forced and abnormal conditions and cumaron resin, which was pre- 
pared from the naphtha obtained at that time largely from this source, differed to some 
extent from that produced later when the ovens were run under normal conditions. Curious- 
ly, the resin obtained during the War produced a satisfactory product when used in rubber, 
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chewing gum, varnishes, etc. but that produced directly after the War behaved erratically. 
In rubber, chewing gum, and varnishes detrimental effects such as exudations, “bloom”, 
etc., were noticed. This condition naturally diwjouraged the consumers of cumaron resin 
considerably. The difficulty, however, was 8ul>8equently remedied by the manufacturers 
of the resin and the present-day resin is eminently satisfactory for these purposes but 
there has been difficulty in assuring the consumers of this fact. However, the use of the 
resin in the production of a varied number of products is gradually increasing as consumers 
are educating themselves to its utility and already cumaron resin successfully competes 
with resin ester in the preparation of varnishes. In the compounding of nibber, printing 
inks, etc., the resin exhibits imiiK)rt.ant properties which render its uh(‘ advantageous. At 
the present time the production of cumaron is in excess of the demand and this has been 
true throughout its history in the United States. In Germany, because of the embargo 
diu-ing the War, cumaron was used to replace the natural resins to a great extent, and there 
the demand was greater than the production but since this period its use and production 
have diminished considerably,” p. 39. 

“During the latter part of the decade, Baekeland began an investigation of the resin- 
ous condensation products of phenol and formaldehyde, which brought forth yet another 
modification of these resins. He improved the met hods of hardening under heat and pressure 
so that rigid-rnolded articles could be very readily obtained. The result of his investigations 
was the commercial development of the molding composition and product known as Bake- 
lite. A great variety of application have been made of phenol-formaldehydt* resins or 
resinoids ranging from the manufacture of a billiard ball to wdreless telegraphic apparatus; 
from the manufacture of a self starter for automobiles to transparent fountain pens and 
artificial amln^r. The range of applications also embraces such articles as switchboards for 
battleships, molded parts for kodaks, phonograph records, casings for instruments of pre- 
cision, armatures and commutators for dynamos and motors, telephone receivers, railroad 
signalling devices, grinding wheels, umbrella hamiles, buttons, cigar holders and pipe stems 
and ornamental articles. 

“To a notable extent the uses to which phenol-formaldehyde resins have la^en put 
m the plastic field have lH*en spectacular ones and these* products of late years during the 
|K»riod of (‘ommercial development and expansion have therefore lK*en particularly before 
the public eye. Such varied applications as radio apparatus, billard balls, pipe stems, 
l)eads, fountain perns and other articles constantly in evidence have led many to l>elieve the 
importance of these resins in the plastic field is greater than the actual consumption of such 
products would w'amint. Aside from the two most imriortant organic plastics, — namely 
rubber and celluloid, — other plastic compositions, particularly those made from shellac 
and the pitch or asphaltic* compositions made by the (*old-molding process, are employed in 
greater quantities than those having as a Imsis phenol-formaldehyde resins. Owing to the 
enormous demand for shellac in the production of phonograph records this binder ranks 
at the head of the list in |K)int of consumption of resinous plastics. Next in importance 
from this standiKunt is the cold-molded material. In Iwth these fields the* consumption is 
greater than in the case* of the phenol-formaldehyde resins,” p. 92. 

“The reaction l>etween phenol and formaldehyde, in so far as condensation is involved, 
is initiated or accelerated by acid and basic substances. As may be expected strong mineral 
a<*id8 and caustic alkalies in general are the most vigorous catalysts, but for many purposes 
such substances are not compatible with the uses to which the final product is to l)e put. 
Both strongly basic and acidic catalysts w’hen used in large proportions affect metals, cause 
deterioration of filler and attract moisture, thus low*ering the dielectric proi)crties of the 
composition. Weaker mineral acids, organic acids, acid and basic salts also have been 
recommended. Ammonia and ammonium compounds, ammonium derivatives, hydrazine 
and various amines, such as aniline and benzylamine likewise have been proposed and some 
of these find application in commercial operations. .Ammonia and certain of the amines 
are most favored as no objectionable degree of acidity or alkalinity remains in the final 
product. When ammonia is employed, as may be expected, it reacts with formaldehyde to^ 
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yield hexamethylenetetramine and ae this in turn reacts with phenol^ ammonia is set free. 
Although ammonia is less objeetionahie than fixed alkalies as a permanent constituent of 
artificial amber and molded articles some means of neutralizing and fixing it would be 
desirable. Molded articles containing a considerable amount of ammonia are likely to 
blister when heated to temperatures at which the reain binder itself would otherwise be 
unimpaired. Aylsworth has proposed the addition of phthalic anhydride or other organic 
acid anhydrides as means of neutralizing free ammonia/* p. 132. 

‘‘Livering is a peculiar thickening which occurs when basic pigments^ and» more 
especially, zinc oxide, are ground with certain varnishes. In its more characteristic stage 
this thickening assumes a liverlike consistency. It is due to various stages of gelatin of the 
vehicle, and may occur immediately after grinding with the pigments or after storage for 
a longer or shorter time. The first is due to a purely physical reaction, occurring when a 
varnish containing a highly iKiJymerized oil or gum, which is peptized (held in ‘^solution") 
by resin acids, is mixed with basic pigments. This is due to the fact that a very large pro- 
portion of the free acid is absorbed by the pigment surface, and, since nothing is then left 
to prevent the colloids from gelling, the inevitable happens. 

*^The phenomenon is usually only troublesome when zinc or titanium oxides are 
present. With the other basic pigments gelation is usually deferred for weeks until the resin 
acid has reacted chemically with the oxides or carbonates. Gelation then occurs. There are 
other causes of thickening on storage which do not concern us here. 

*Tt will be seen, then, that free resin acid is something to bo avoided in paint and 
varnish products. Hosin which has been treated with lime is, however, not entirely n^iable 
as cases are on record of iivering occurring in jmint or enamel made from hardened rosin 
after standing for several months,’* p, 258. 

^ ‘Ester gums to a large extent have displaced the copal gums in the manufacture of 
spar varnishes. A rosin ester Chinese wood oil varnish is notably waterproof and even will 
resist the action of hot water for a considerable period. The discovery of the valuable prop- 
erties of the combination of ester gums and Chinese wood oil ha^s created a noteworthy 
change in varnish making. In fact, spwifications for spar varnishes have l)een modified in 
numerous instances in order to secure an ester gum varnish in preference to one made with 
hard fossil resins,” p. 271. 

“Hardened steel is perhaps the most universally used material for molds employed 
in plastic molding. Since the cost of designing, fabricating and maintaining molds is very 
high it is worth while in most cases to use hardened steel. Although the initial cost may be 
considerably higher than that of steel not hardened, the longer life of this ty|)e of mold and 
the lower cost of maintenance more than make up the difference in cost of fabrication. 
Hardened steel is economical especially when large quantities of articles are to be molded 
and when the design has been proved to Ix! thoroughly efficient. In cases w^hen a relatively 
small production is required or when the design of a mold is of doubtful efficiency steel, 
not hardened, is employed because in the making of the mold slight changes may be made 
easily in many cases. The unburdened steel mold, however, will require polishing oftener 
and if used in constant production will have to l>e discarded comparatively soon due to the 
wear and tear in general handling. In some cases gray iron castings have been used for 
molds where the peculiar or irregular shai)es desired make steel difficult to shape. Gray 
iron castings are of course very brittle, cannot be well polished and their life is compara- 
tively short. Molds for special purposes have been made of bronze and aluminum alloys 
and in the last few years in the molding of printing plates a “molded mold” made from 
synthetic resin with a thin metallic foil on the molding surfa(;es has been employed with 
satisfactory results. This type of mold has a very limited use,” p. 398, 

Wilder />. Bancroft 

Fundamentals Organic and Biological Chemistry. By T, G. Phillips. WXH 
cm; pp. xi-^260. New Yorlc: 1). Appleton and Company, 19^8. Price: t8.00. In the 
foreword Dean Vivian says that “it is now evidently impossible for any one person to master 
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uli the infonnatioii in all of the seiencea, and even within each science the advanced student 
finds it necessary to devote his major effort to a more or less restricted area of the general 
field of that science. The different sciences are so closely intt*rlocked, however, that the 
student of one science finds it lu^cessary to have some knowledge of all the others 
The short course in science has been in bad repute in the past largely btjcauae the method 
of shortening the course consisUMl m an attempt to cover th(‘ entire field of the science in a 
superficial way The better way to construct a brief c'ourse is to avoid trying to cover 

the entire field of the science and to select for presentation those fundamental facts and 
principles which will function in the life work of the student for whom the briefer course is 
arranged.” 

The chapters are entitled; the hydrocarbons; the alcohols and ethers; the alde- 
hydes and ketones; the acids and acid chlorides; eaters and fats; mixed compounds; the 
carbohydrates; unsaturated and aromatic compounds; nitrogen compounds; the proteins; 
the general chemistry of living organisms; the chemistry of plants; the chemistry of 
animals. 

•% 

The author is quitt* clear as to the im}M»rtance of photosynthesis, p 209. ‘‘Thus by 
this procc'ss of photosynthesis, gr(‘«‘n plants an* able to manufacture their own organic food 
with the aid of the energy furnished by the sun. But the importance of the process is much 
greater than this would indicate .\Il other filants, and all animals, either directly or in- 
dire(‘tly, use gnMui plants as their only source of food. Thus green plants supply the organic 
building material and (‘iiergy for all living organi.sms. Not only does photosynthesis furnish 
the energy which makes lift* possilile, but also wotxl, coal, iHdroleum, and gas are products 
of green plants. With the exception of watt*!* powtu* and wind, all energy used in heating 
and lighting, in running automobih's, railroads, and factories, was derived from the sun and 
stored in the form of reduced carbon com|M)unds by the process of photo-synthesis carried 
on by green plants in liygone ages ” 

The page on bacteria and fungi is also interesting, p. 218, “The most important of 
the plants of this kind arc those that are very small and relatively simple in structure, be- 
longing to the two great groups, bacteria and fungi. The bacteria are single-celled organisms, 
the fungi inclutie I Kith single-celled spe<‘ies and those of more complex structure. Most of 
them are .small, but .sonu* forms, .such as toadstools and mushrooms, attain a considerable 
*<ize. 

“These {ilaiits themselves or the sfxires that many of them form are pix^sent practi- 
cally everywhere. Whenever conditions such as f(M)d supply, moisture, and temperature 
are favorable for them, they grow' rapidly, bringing about very d(»cided changes in the med- 
ium in w'hich they grow'. They digest the organic fotids that are available, and use part of 
the products of digestion for respiration and part for growth. Since they are not able to 
n‘build organic fmal with the .storage of energy from the sun, the net result of their activity 
is destnictivc. 

“They arc the moat imiiortant agencies in the decjiy of plant and animal remains. 
I>(»cay is a process of oxidation caused by the respiration of these organisms, resulting in the 
formation of carbon dioxide and waiter from the organic 8ubstance.s they use as food. The 
(*ontinued aceumulation of plant and animal remains would soon result in the exhaustion 
of the carbon dioxide of the air, and the grow'th of green plants would cease. But, due in 
large part to the activity of bacteria and fungi, the.se organic remains arc oxidized, their 
fKitential energy- is lilnTated, and the carbon they contain is returned to the air as carlioii 
dioxide, making ^lossible again the growth of green plants, the formation of a new supply 
of organic compounds, and remewed storage of energy from the sun ” 

The author is not certain that the minimum protein requirement is necessarily the 
Iwst, p. 242. “With proper care in the selection of foods, it is undoubtedly’ true that a very’ 
great reduction in the protein intake may be made safely; in many cases the health has 
l)e<‘n improved remarkably by this means. Thc're is no doubt that many- Americans cat 
very much more protein than Voit’s estimate of 120 grams a day-, and often to the detriment 
of their health. There are, however, some facts that make doubtful the value of decreasing 
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the protein intake very greatly. It is well known that, the most progressive races consume 
relatively large amounts of protein^ but it is uncertain whether this is necessarily true/’ 
The question of net energy is one that is not always considered^ p. 250. '^Not all the 
metabolisable energ>' may be of use to the body for maintenance, growth, or production. 
This is due to the fact that the ingestion of food results in increased heat production. The 
exact reasons for the increase are not known. Part of it is due to the work of mastication, a 
little to the movement of the walls of the stomach and intestines during digestion, and per- 
haps a small part to the work of secretion of digestive fluids by the glands. The greater part 
of this energy cannot be accounted for in theae ways, but seems to be due to a stimulating 
effect of the food itself on oxidation, resulting in the production of excess heat, which is lost 
by radiation or evaporation and appears to serve no essential function in the body. What- 
ever the cause, a very considerable portion of the available energy of the food is lost in this 
way, and its amount varies widely for different foods. The energy remaining after sub- 
tracting this from the available energ.v is called the net energy of the food, and is the real 
measure of the value of a food as a source of energy.” 

Wilder D. Bancroft 


Everyday Mysteries. ByC. G. Abbott. ^OXHcni; pp.xi+i98. New York: The 
MaaniUan Company, 1923. Price: %2.25. In the introduction Slosson says that “it is the 
aim of the Young People’s Shelf of Science to present modem views of the several sciences 
in a comprehensive and attrai'tive fonn. These l>ook8 are intended to be read rather than 
to l>e studied. They are not designed to l>e tasks, but recreations. They do not follow the 
conventional classificat ion of the college, but treat of natural and industrial processes from 
a novel and practical viewpoint. They show that science is not a remote and recondite 
study but a part of everyday life, the unseen foundation of all that we see and do.” 

The single sketches are entitled: what comes out of the spigot; the plumber’s sur- 
prise; the little spoilers; something about soap; fixing the clock; doorbells and their 
relatives; the homemade forge and bicycle; down by the brook; blueberries; pots and 
pans; saving half the coal pile; rags and velvet gowns; bread and cheese; how deep is the 
ocean?; the divided crown; the story of the old shoes; the early morning visitor; cooking 
by sun rays; how the sun makes plants grow; the two-cent investment. 

The book is a success and both the editor and author are to be congratulated. There 
are surprisingly few slips. The account of the boiling-point, p. 3, is a bit shaky and the 
paragraph on the electrical properties of water, p. 8, is certainly misleading. White of egg 
is not what is used with bichromate, p. 194, and the reviewer wonders whether the upper 
door of the furnace should really f)e kept closed hermetically, p. 102. It is undesirable to 
sweep the hot air up the chimney too rapidly; but if one only burns the coal to carbon 
monoxide, one is wasting about half the heat and the saving is imaginary. 

Using aluminum sulphate as fertilizer for blueberries to produce an acid soil was new 
to the reviewer, p. 91, though he ought to have known about it, and even if one does not 
wish to grow blueberries it is a distinct achievement to grow rhexiodendrons and laurel 
really weU. 


Wilder D. Bancroft 



A GENERAL FORMULATION OF MOVEMENT IN AN ELECTRICAL 
FIELD: MIGRATION, ELECTROPHORESIS AND 
ELECTROOSMOSIS OF SODIUM OLEATE. 

BY MARY EVELYN LAING 

The object of the present investigation is to demonstrate the fundamental 
similarity between various processes of electrolytic conduction usually con- 
sidered as separate phenomena. The attempt will l>e made to show that the 
phenomena of electrolytic conduction, electrodsmosis and electrophoresis are 
but special cases of an inherently identical process. It appears possible to 
develop a geneml theoretical treatment embracing ions, membranes and all 
charged particles and surfaces alike. This involves an enlarged conception of 
the electrical double layer and the abandonment of some of the currently ac- 
cepted formulae of Lamb and Helmholtz. 

A unique material for the purpose of this investigation is afforded by sod- 
ium oleate solutions by the fact that portions of one of its solutions may be 
studied side by side in the three forms of sol, jelly and opaque curd as shown 
by Laing and McBain.* Extensive measurements will be presented to prove 
that the movement of the various constituents of the soap system relative to 
the solvent is the same for clear sol and colourless jelly and that it is likewise 
independent of whether the solvent moves through the jelly or particles of 
jelly or curd move through the solvent. 

The main results of the study of soap solutions are supported by the quan- 
titative agreement of many lines of (evidence. It is however necessar>^ to sul> 
mit them to even more searching tests. Again it is desirable to obtain informa- 
tion as to the effects of the electric current in order to get further insight into 
the structure and theory of colloidal gels. Every method of investigation not 
only adds something further to our knowledge of soaps but it also renders more 
precise t he interpretation of previous data. 

One may take this opportunity of noting that the constitution deduced for 
soap solutions although exi)ressed for convenience in terms of the Arrhenius 
Dissociation Theory is substantially the same when expressed in any of the 
hypotheses of the loo pf?r cent ionisation of strong electrolytes. 

Theoretical 

It was pointed out by McBain and Salmon^ that the very fact of the exist- 
ence of the ionic micelle must lead to a freer conception of the electrical double 
layer and ultimately to a general theoretical treatment embracing ions and all 
charged surfaces alike. ^ The most striking property of the ionic micelle is the 
very high electrical conductivity of each of its many charges as well as the 
unimpaired conductivity of the corresponding sodium or potassium ions. 

‘ J. Chem. Soc., U 7 , 1506-1528 (1920). 

* J. Am. Chem. Soc., 42 , 426 (1920). 
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The electrokinetic phenomena of colloids and surfaces have been extensive- 
ly studied for over a century, electrodsmosis and electrophoresis being simul- 
taneously discovered by Reuss in Moscow in 1808, and much of our knowledge 
is due to the quantitative studies of Wiedemann and of Quincke. 

There are four ways in which charges on surfaces may be manifested, 
namely; movement of a suspension in an electric field, (electrophoresis in the 
nomenclature of Ralston) and movement of solution past the solid when the 
latter is fixed, as in the case of a diaphragm or capillary, (electroosmosis) ; 
likewise electromotive force which is set up when the liquid is forced past the 
solid (Quincke^s diaphragm current) or similarly when a finely-divided charged 
solid falls through a liquid. 

The voltages produced by the streaming of liquid past surfaces or of pow- 
ders through liquid are related to the mobilities and charges in precisely the 
same way that such potentials as diffusion potential are related to ionic 
mobilities. It is clear that these relationships are the converse aspect of the 
generalisation here made that electroosmosis and electrophoresis (of which 
this paper chiefly deals) are but particular cases of electrolytic migration. One 
result of this work will be to emphasize that the distinction between these 
processes is largely artificial and that they are both governed by the same laws 
as the movement of ions. 

The modern view explains the charges on the solid by assuming with 
Freundlich^ and Bancroft^ that ions have been adsorbed. Little or nothing is 
usually said about the corresponding ions of the outer layer which we hold to 
be of almost equal importance whether in discussing electrokinetics or colloids. 

The Proposed New Formulation 

In the experiments herein described I have endeavoured to prestmt ihe 
various electrokinetic phenomena in a more tangible way, presenting them 
directly as a particular case of electrolytic migration and expressing them in 
terms of mobility without reference to the many hypothetical assumptions 
usually introduced into the evaluation of the electrical phenomena of colloids. 

Movement of charged carriers is identical with electrolytic conduction. 
All earners whether ions, particles or surfaces must therefore impart conduct- 
ance to the system. The ionic micelle is only a particularly striking case of an 
^'electrical double layer'' where the conductivity of both parts of the double 
layer has been at last taken into account and it clearly indicates that the par- 
ticipating ions and surfaces retain an unimpaired electrical conductivity. This 
at once brings the whole problem of electrophoresis into the field of electro- 
lytic migration. 

Helmholtz' own description of the behaviour of the double layer is as 
follows: 

"On the whole the algebraic sum of the two equals zero, and the centre of 
gravity of the complete system, solid particle and surrounding positively 

^ Z. phjTsik. Chem. 7 P, 385, 407 (1912). 

* J. Phys. Chem. 16 , 312 (1912). 
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charged fluid layer taken together, cannot be moved by the electric forces 
which arise from the potential fall in the liquid through which the current 
passes. However, the electric force will tend to bring about a displacement, 
relatively to each other, of the positively charged fluid layer and the negatively 
charged particle, whereby the fluid layer follows the flow of positive electricity 
while the particle moves in the opposite direction. If the liquid were a perfect 
insulator the new position would still be a condition of equilibrium. Since, 
however, through the displacement of the layers the equilibrium of the gal- 
vanic tension between the solid particle and the liquid is disturbed, and on 
account of the conductivity of the liquid always seeks to restore itself, the 
original state of electrical distribution will tend to be continually reproduced 
and so new displacements of the particle with respect to the surrounding liquid 
will continually occur.” 

We have a much clearer knowledge of what is meant by the conductivity 
of the liquid, which is, the free mobility of the charged particles or ions them- 
selves, a conception which was impossible to Helmholtz before the advent of 
the dissociation theory. We see now that the conductivity is identical with 
the mobility of these free ions and we are therefore able to read into Helm- 
holtz' old words a much freer conc(*ption of the double layer than has hitherto 
been held. (It is likewise interesting to observe how his Faraday lecture de- 
livered in 1885 n^ads as though he had been an exponent of one of the re^cent 
100 per cent ionisation theories.) 

The essential feature in elect rodsmosis, electrophoresis and ionic migration 
is, in each case, the r(*lativ(‘ movement between solvent and carrier. For an 
electrolyte it is expressed by the Hittorf migration number 

V 

11= — — 
u+v 

Actually there is a term involved in this expression which does not appear 
as it cancels out from numerator and denominator, namely concentration. 
This becomes clear if a mixture of two simple electrolytes such as potassium 
chloride and iodide is considered. Here the movement of the iodine relative 
to the water is expressed as follows 

CrV, "cv" '"cv" 

ni=ss = = 

CkUk + CciVc1 + C,V, c'u' + 'cu'-r"cv'' M 

where Ci or *"0 is the concentration of the iodine ion. 

Cci or 'c is the concentration of the chlorine ion. 

Ck or c' is the concentration of the total potassium ion. fi is the conduc- 
tivity in reciprocal ohms of that amount of solution containing 1000 gms 
solvent and Ci equivalents of iodine ion and is equal to the sura of each ion 
mobility multiplied by its concentration, i.e. the equivalent conductivity of 
each ion times its concentration in equivalents. 

For purposes of electrolytic migration it is most convenient to express con- 
centration in weight normality, i. e. equivalents per 1000 gms. water, since all 
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accurate migration data are necessarily calculated with reference to pure 
solvent. 

We now propose a universal formula for the transport of matter accompany- 
ing the conduction of electricity through any system, metallic conduction 
alone excepted. 

Cimifi ^ cimrf i 

^ CV + C*'U*'+ +'CV' + ''CV*'+ Cifi + C2f2 M 

*'n = 

M 

n'»c'v' 


M 

etc. 

The bodily transfer or migration of any constituent of a solution is pro- 
portional to its concentration and its conductivity divided by the total con- 
ductivity of the solution. There will be one such expression for each conduct- 
ing constituent whether crystalloidal or colloidal and whether positively or 
negatively charged. 

For an ordinary anion whose concentration is "c and mobility u'^, the 
transport during the passage of one faraday (96500 coulombs) will be 





For a colloidal particle or even a large diaphragm, the formula will be 

Cimifi 

ni= 

M 

where Cl = number of chemical equivalents per 1000 gms. of solvent. 

mi = number of chemical equivalents which carry one electrical charge. 
fi = conductivity in reciprocal ohms of one chemical equivalent. 
fjL = total conductivity as before = sum of concentration of each conduc- 
ting constituent multiplied by its mobility. 

In general where there are several cations, anions or colloidal constituents 
the migration of any constituent will be 

c m f _ effective mobility of that constituent 
fjL total conductivity of all constituents, 
and the general formula may be written 


C^2f2 

c'u' + cV+ .... 'cv'-f ''CV''+ . . . Cifi+C2f2 


C2m2f2 


/It « the conductivity in reciprocal ohms of the amount of system contain- 
ing 1000 gms. of solvent. 

It follows at once from this that conversely the movement of solvent past 
the constituent (electroosmosis) must be 

*-7;^ kilos of solvent per faraday of current. 
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There would seem to be no restriction upon the application of these 
formulae except that the composition of the system must be taken at right 
angles to the path of the current so that the formula then includes even the 
walls of the vessels in which the solution is contained. 

The general distinction bc^tween a true ion on the one hand and a colloidal 
particle, diaphragm or wall on the other, is that in the latter cases n is usually 
a very large number. In the ionic micelle of soap solutions it will be found 
that m only slightly exceeds unity, that is, one electrical charge for nearly 
every oleate radicle in the micelle. For nickel in benzene Hatschek obtains 
n =* 5000, evidently owing to the high value of m and the small value of m- 

The product iriifi may be termed the effective mobility since it is the con- 
ductivity in reciprocal ohms of that amount of colloid that carries one equiva- 
lent of electrical charge. If ft (the conductivity per chemical equivalent) is 
very small, m can be very large without the effective mobility being even as 
high as that of an ordinary ion. P^or instance in the case of the neutral micelle 
or undissociated soap the value of m/ will he shown to be 18.3 reciprocal ohms 
whereas Bredig* found the lowest value for a true organic ion of high molecular 
weight was 20.7. In this sensi* then the effective movement under any par- 
ticular conditions is almost that of a simple univalent organic ion of high 
molecular weight in spite of its equivalent conductivity l)eing probably very 
minute. 

It was pointed out by Muller^ in igo; that the electrophoretic mobility 
of a colloid expressed in cm. per volt per cm. per sec. is almost as great as that 
of a slow-moving organic ion, which is exactly what is found here for undis- 
sociated colloidal soap in spite of its negligible conductivity. 

The number of equivalents m of neutral soap which carry one faraday is 
very large but unknown and equally unknown is the mechanical structure 
and resistance exfierienced by a simple colloidal particle. 

It is evident from inspection of the formulae that they are not merely 
formal expressions embracing only current knowledge but that they include 
at least two new i)oints accessible to experimental test. The first is that the 
conductivity of the free outer ions of the so-called double layer is clearly 
taken into account. The second is that electrophoresis and electroosmosis are 
inversely proportional to the actual conductivity of the solution. 

There are many experiments in the literature purporting to describe the 
effect of additions of salts on the charge of colloid particles and diaphragms 
as measured by electrophoresis and electroitoiosis which are obviously 
invalid if these equations arc true, since the effects may be largely or entirely 
due to increased conductivity /u. 

Again it may be noted that a possibility is suggested for the determination 
of both m and / and not merely of their product. This arises from the fact 
that m occurs only in the numerator and not in the denominator and it should 

* Z. physik. Chem. 1B94, 13 , 19 1 (1894). 

* '^Allgemeine Chemie der KoUoide”. 
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therefore be possible to deduce the value of m in experiments in which the 
denominator is varied as for example by the addition of suitable electrolytes. 

The relation between migration and electroosmosis may be stated as 
follows. The movement of a true ion and the electrophoresis of a colloidal 
particle is each proportional to the slope of potential and likewise to the time. 
If both are present in the same solution, owing to the incomparably greater 
conductivity possessed by a true ion or an ionic miceUe over that of any ordi- 
nary colloidal particle, and since the amount of current passing is governed 
by the conductivity of the solution, the duration of the experiment, (that is, 
the time required for one faraday of current to pass) depends upon the ions. 
Thus if the ions in one solution conduct lo times better than in another, the 
same colloidal particle being present in both and the same E. M. F. being 
employed, the duration of the first exf)eriment for a definite amount of elec- 
trolysis will be one tenth that of the second and the colloidal particles will only 
have time to exhibit one tenth of the movement. 

If the excess of free ions could be eliminated altogether the residual con- 
ductivity would be due only to colloidal particles and their corresponding ions 
and the experiment would be continued as long as was necessary to pass a 
faraday of current. The electrophoresis would now appear in terms of effec- 
tive mobilitj". 

Application to Soap Solutions 

In a solution of sodium oleate (the hydroxyl ion being negligible), there is 
one cation, namely Na , one anion 01 ' and two negatively charged colloidal 
constituents, namely ionic micelle and neutral micelle. 

The transport of ionic micelle is 

Cimifi 

C 'V ' -f 'CV ' -j- Cif 1 -b C2f 2 

^ _ 

CNa^Na + Cor Vor +Cr micelle micolle “b C^eutral mu‘«‘llo V^nputral mirellp 

where mi == slightly greater than unity. 

mifi = 64.3,u' = 43.6 and v'==2o.7 and (2 is negligible. 

The total movement of all negatively charged constituents which all con- 
tain oleate radicle 

^ _ 'cv'-bcimifi-f C2m2f2 

This shows quite clearly how the observed migration number in soap solu- 
tions is made up of the movement of the separate constituents which move 
each at a different rate, the ionic micelle nearly four times as fast as the neutral 
colloid or the simple oleate ion. In the more concentrated solutions the 
simple oleate ions disappears. 

Eiqierimental 

The only trustworthy method of determining mobilities in doubtful or 
difficult cases is the original analytical or Hittorf method, which gives the 
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Hittorf migration number, G. N. Lewis^ and Lash Miller^ have shown that 
the moving boundary method of Abegg, Denison and Steele docs not give the 
true transference number as originally asserted but only the apparent Hittorf 
number and it is neither as accurate nor as conclusive. 

Experimental diflRculties are somewhat great in the case of sodium oleate 
solutions, since the transit ion from one state to another is affected by tempera- 
ture, previous history of sample, duration of run, age, etc., and it was necessary 
to use elaborate care so that the measurements made might be trustworthy 
and moderately accurate. 

The electrodes were protected by guard solutions of sodium sulphate in the 
anode and cathode compartments to prevent unknown and uncontrollable 
reactions at the electrodes. Frothing was thus avoided by keeping the soap 
from direct contact with the electrodes. Furt^her the presence of sulphate in 
the cathode portion retarded the migration of OIF by lessening its relative 
concentration. The one essential condition of the Hittorf method is that the 
middle portion should l:>e unchanged so that all changes are confined to the 
electrodes and are directly susccfitihle to analytical measurement. Sulphate 
was never found in the middle portion. 

The old custom of analysing only one, two or at most three portions is 
unsatisfactory, for the basis of migration work consists in the maintaining of 
the middle portion unchanged so that ions leaving and entering it are the 
same. In the ease of soap sols, it w’as found advisable to analyse seven por- 
tions in order to follow with more certainty the changes in concentration 
throughout the apparatus. In soap jellies and curds convection does not 
occur and hence sometimes only anode and cathode portions were studied but 
in other cases solid was cut out of the middle and analysed. Silver coulom- 
eters were used at each end of the apparatus to detect any leakage of current 
but they always agreed within 0.0 

Analyst's were made f(»r both constituents (sodium and fatty radicle) of 
the soap solutions in all portions so that each experiment gave four semi- 
independent determinations of the migration nuinl)er. In very few instances 
in the whole literature has a rneasunTneiit Ix'en made of the movement of 
both anion and cation and in this case the fact that the two together are 
found to account for the total current affords a useful check on the possible 
nature of the ions in solution.* For instance, the effect of hydrolysis alkalinity 
is seen to he negligible in conformity witJi previous work. 

The Apparatus employed for the Sol 

The migration apparatus for all except the most dilute solutions consisted 
of three U-tubes (see Fig. i) made from one centimetre boro-silicate tubing 
of uniform bore, (so that the current may pass without uneven heating effects), 
united by ground joints. The total capacity w^as 130 cubic centimetres. The 

^ J. Am. Chem. Boc., 32 , 864 (1910). 

* Z. physik. Chem., 69 , 457 (1909). 

* MoBain and Coleman: Trans. Faraday Soc., IS, 1-20 (1919). 
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platinum electrodes were sealed in to the hollow-ground stoppers. The tubes 
were cleaned before each experiment with bichromate solution mixture. 

The apparatus has first to be set up with sodium sulphate solutions without 
contaminating the rest of the apparatus. By momentarily loosening the 
rubber stoppers the solution is allowed to go round the bend to the required 
extent (which is further in the case of the anode). This is necessary since the 
soap solution floats on top of the sulphate. When the outside legs have been 
filled nearly to the top the electrode stoppers are replaced, all vaseline removed 
from the stoppers and the tube weighed. The three U-tubes are now put 
together and mounted on a stand. 

Soap solution is now placed in the apparatus but the first portion in the 
anode and cathode compartments have to be introduced through a capillary 



Fig, I 

Scale about 1 13 


pipette with upturned flaring tip held just in the surface of the liquid so as to 
avoid any mixing of sulphate and soap solutions. The levels are equalised and 
stoppers vaseliiied and closed. Fifteen minutes is allowed in the thennostat 
before turning on the current. A glass-sided thermostat permitted in most 
cases observations of the distance travelled by the boundaries of the soap 
solutions. Convection is small owing to the viscosity of the solutions. 

At the conclusion of the experiment five consecutive middle portions are 
removed by means of pipettes for weighing and analysis. Each pipette is 
first rinsed out with a sample of the solution from that portion. The l^unda- 
ries of the portions are indicated by the dotted lines in the figure. 

The anode and cathode tubes are then detached and weiglied after the 
glass stoppers and joints have been freed from vaseline, and the ground ends 
have been closed with rubber stoppers. This gives the weight of the anode and 
cathode solutions which have to be corrected for the weight of gas evolved 
during electrolysis as calculated from the coulometer readings. The total 
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resistance of this apparatus varied from 10,000 to ioo,ooo ohms and the cur- 
rent from 0.0 1 to 0.04 amperes. 

For very dilute solutions an apparatus of fi^reater cross section made of 
boro-silicate glass one inch in diameter and consisting of two U-tubes ground 
together through side pieces was used. The arial^’^ses were checked by means 
of the Zeiss Dipping Ref lactometer. All vessels, instruments and solutions 
were carefully standardised before U8C‘. The chemicals used were Kahl- 
baum^s bost^ Several samples of oleic acid were used and their titration 
values frequently testf'd since it has l>een found by experience that even the 
best oleic acid oxidises on keeping. In these cases when the value was high 
the acid was thoroughly washed with frequent changes of water and dried in 
a vacuum dessicator over calcium chloride. If the molecular weight was then 
found correct the iodine value was not taken in view of previous work. 

Solutions were made from sodium drippings and from conductivity water 
which had been boiled out in pyrex glaasware. Medicinal W'hite vaseline was 
boiled out with four changes of conductivity water and dried before use. Soap 
solutions were made up in Jena bottles by the direct neutralisation method of 
Bunhury and Martin^, (’oncent rations are expressed in weight normalities, 
that is, gram molecules of salt per 1000 grams of w'ater. 

Method of Analysis of Soap Solution 

To a weighed quantity of solution contained in a stoppered flask a meas- 
ured excess of standard hydrochloric acid was added slowly from a pipette with 
vigorous stirring. The precipitated fatty acid is allowT'd to stand overnight 
for the resulting emulsion to clear and then filtered off through whetted filter 
paper and washtxl free from hydrochloric acid with boiled out distilled water. 
The filtrate is titrated with stamlard sodium hydroxide using phenolphthalein, 
the difference between this and the amount of hydrochloric acid originally 
taken determines the total concentration of soap and hydroxide. The fatty 
acid in the filter paper is dissolved in boiled out alcohol and titrated with 
sodium hydroxide, which had l)e<^‘n standardised both against the oleic acid 
used, and hydrochloric acid®. The solvent at the end point is made to be 
between 70 and 80 per cent boiled out alcohol. 

Method of Calculating Results 

To the W'eight of anode or cathode is added the weight of oxT’gen or hydro- 
gen in grams equivalent to the silver deposited. From this is subtracted the 
weight of all glass ware, the sodimn sulphate solution, the sodium found 
(calculated as metal) and the oleate as acid radicle. This leaves the w^eight 
of water which must have l)een introduced as soap solution before the experi- 
ment. From the original concentration of soap, the sodium oleate correspond- 
ing to this amount of water, is calculated. The change in sodium and change 
in oleate expressed in equivalents, divided by equivalents of silver give the 
migration number of sodium and oleate respectively, 

* See Laing and McBain: J. Cbem. Socm 1507 

• J. Chem. Soc., 105 , 417 (1914). 

« Hulett and Bonner: J. Am. Chem. Soc., 31 , 345 (i 9 <" 9 )- 
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Migration Data for Sols of Sodium Oleate 
Tables I, II, III and IV contain the complete migration data for various 
concentrations of soap, Table I for soaps of concentration approximately 
o.6Nw, Table II for those of approximately o-sN* strength, Table III data 
for approximately o.aNw and Table IV for approximately 0.2N* soap. Table 
V contains the data for experiments with two much more dilute solutions of 
soap, carried out in order to observe the transition to crystalloid. 

Table I 

Transference Data for o.s92sN^ Sodium Oleate Solutions 


Portion. 

Equivalent 

s change. 

Transference number (n) 


Na analysis. 

01 analysis. 

Na analysis. 

01 analysis Mean 

Anode 

+0.166 

+ i . 100) 



AM 

+0.052 

+o.oo3> 

— 0.003 

+ 1*115 

AMM 

— 0.221 

+0.0127 



MM 

+0.013 

+0.013 


1 .026 

CMM 

— 0 . 004 

-0035) 



CM 

-0.032 

-0 053/ 

+0.064 

~ios 4 

Cathode 

+0. 100 

— 0 . 966; 




Expt. 14, 80 volts, IS milliamps., 4 hours, ai.s'C. 
Silver deposit 0.0980 grams, sulphate strength = 2.5^,. 


Table II 


Transference Data for o.oi45N» Sodium Oleate Solutions 


Portion. 

Equivalents chance. 

Transference number (n) 


Na analysis. 

01 analysi.s. 

Na analysis. 

01 analy.si8. Mean 

Anode 

+0.075 

+ 1.188) 



AM 

+0.010 

+0.006/ 

+ 0.089 

+ i 190 

AMM 

+0.004 

— 0.004 1 



MM 

— 0 . 003 

— 0 . 000 


1.25a 

CMM 

— 0.010 

+0.013! 



CM 

-0.013 

+0.022/ 

■“O.325 

.405 

Cathode 

-0 302 

-1,440) 



Expt. 18, 

500 volts, 32-34 milliamps., i 

hour, 17.5®C. 



Silver deposit o . 1362 grama, sulphate strength = 5^ . 


Anode 

AM 

AMM 

MM 

CMM 

CM 

Cathode 


+0.054 

+ O.OII 

+0.039 

+0.076 

+0.006 

+0.007 

—0.061 



+0.180 


-0.054 


Expt. 19, 80 volts, 4-5 milliamps., 4 1/2 hours, i7.5®C. 
Silver deporit 0.1061 gms., sulphate strength® 5%. 

(Table II rontinued on page 683) 


+ 1.043 


-0.908 


1.046 
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(Table II continued from page 682) 


Anode 

+ 0.028 

— 1 . 069) 


AM 

+ 0.016 

+0.01 1 ( 

+0 044 + j .069 

AMM 

— 0 . 004 

—0.011 


MM 

+ 0.010 

— 0 . 009 'N 


CMM 

+0.018 

+ 0.007 f 


CM 

— 0.065 

-0 073 

— 0 042 — 1 .047 

Cathode 

— 0.005 

— 0 970 ' 


Expt. 22, 

500 volts, 38-42 rnilliamps., i 1/2 

hours, i8.5®C\ 

Silver depoftit 0.2410 gnis., 

sulphate strength ~ . 

Anode 

+0.030 

+* 045 

+0 030 + I 045 

AM 

— 0 017 

± 0 . 000 


AMM 

— 0 010 

1 

0 

b 

04 


MM 

— 0 028 

— 0 040/ 


CMM 

— 0 . 040 

1 

0 

0 

04 

- v' 

— c 002 — I 006 

CM 

-0 302 

33 o\ 


Cathode 

+ 0.305 

~o 591 / 



Expt. 2^, 500 voltw, 50 inilliatii|)8., i j 2 hours, 19 5°('. 

Silver deposit o 2732 gins., sulphate strength = . 

Table III 

Transference Data for 0.397 oN, StKlium Oleate Solutions 


Portion. 

Kquivalents 

change 

Transforc^nce niimher /n) 


Na anaiysiK, 

< M analysis. 

Na analysis. 

01 analysis. Nfean 

Anode 

+ 0 . 1 12 

+ T 070^ 

+ 0. 103 

+i 054 

AM 

— 0 . 009 

— 0 oi6( 

AMM 

1 

0 

b 

0 

— 0 021 



MM 

0 

0 

1 

-0.07s J 


1 088 

(’MM 

— 0.051 

— 0 057f 


— I . io6 

CM 

-0.391 

- 0 - 4 I.U 

— 0 090 

Cathode 

+0.417 

-0.561 • 



Expt. 34, 

500 volts, 26.33 rnilliamps., 2 

hours, io®C. 


Silver deposit 0.2317 gram.s, sulphate strength = 3*^. 


Anode 

+0.182 

+ I. 24 I 1 



AM 

-0.035 

— 0.036) 

+ 0.122 

+ 1133 

AMM 

— 0.025 

— 0.072 I 



MM 

— 0.007 

— 0.021 


1 . 142 

CMM 

+0.010 

— 0.029* 1 
-0.079 / 



CM 

— o.oro 

-0.150 

— I . 162 

Cathode 

-0.115 

-1.083 ’ 




Expt. 36, 500 volte, 12-14 milliampe., 54 minutes, 5®C. 
Silver deposit 0.04795 sulphate strength >>3%. 
*Soine spilled, if 0.25 ccs. thisi^iiil. 
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Tabi.e IV 

Transference Data for o.ioQoN^r Sodium Oleate Solutions 


Portion. Equivalents change. 

Na analysis. 01 analysis. 


Anode 

+ 0.730 

+ 1,622) 

AM 

-0.512 

-0 389/ 

AMM 

— 0.024 

-0.033^ 

MM 

0 

0 

1 

- 0 . 147 ^ 

CMM 

+ 0 221 

+o.264r 

CM 

— 0.676 

-0.7031 

Cathode 

+0-374 

-0.53s) 

Expt. 26, 

500 volts, 1 1- 14 

milliamps., 

Silver deposit 0.0746 gms., sulphate st 

Anode 

40.944 

+1-756) 

AM 

-0 677 

-0.544/ 

AMM 

-0.043 

—0.079 

MM 

— 0.172 

—0.168 \ 

CMM 

— 0.026 

-o.074r 

CM 

-0.344 

-0 384^ 

Cathode 

40.397 

-0.423^^ 


Na analysis. 


+0.218 


— 0.21 1 


Transference number (n) 


01 analy.sis. 

+1*33 

-1. 144 


+0.267 


-0.04s 


+ i .212 


-I.04Q 


Expt. 27, 500 volts, 12-14 inilliamps., i 1/2 hours, 19 7®C. 
Silver deposit 0.1008 gms., sulphate strength =^3 ^' 5 . 


Mean 


] .201 


I 143 


Anode 

+ 0.884 

4 1 684/ 

AM 

-0.492 

—0 292) 

AMM 

— 0,080 

— 0.041 

MM 

1 

0 

0 

K> 

-0.02S\ 

CMM 

— 0.214 

— 0.089^ 

CM 

— 0 . 118 

-O.I32W 

Cathode 

— 0.049 

— 1 .041 


4-0.312 4 i. 3 S‘ 

I 326 

—0.381 —1.262 


Expt. 30, 500 volts, 12-15 milliamps., i r/2 hours, 2i.5°C. 
Silver deposit 0.0864 gnis., sulphate strength =3^. 
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Table V 

Transference Data for Dilute Solutions of Sodium Oleate 


Portion 

Equivalents change. 

Transference number (n) 


Na nnalysis. 

01 analysis. 

Na analysis. 

analysis 

Mean 

Anode 

+0.28 

+ i 29 

+0.28 

+ 1.29 


AM 

(+0.02 

+ 0.06) 

+ 0.02 

+ 0.06 


AMM 

— 0 . 14 





MM 

— 0.29 

-0.24^ 



1.225 

CMM 

— 0 . 14 

— 0. II / 

-0 25 

— I 09 


CM 

— 0 . 14 

~0. I2\ 




Cathode 

+ 0.46 

-0.49 ' 




Concentration 0.048N*, 

500 volts, 4 rnilliamps., 3 hours, 

silver deposit 

0.0469 

gma., sulphate strength = 

- r°P 

■3 /t> 20.5 V . 




Anode 

+0.44 

+ 0-57 

-0.44 

+ 0 57 


Middle 

—0.14 

-0.14) 



:tO 58 

Cathode 

+0 s8 

— 0 . 461 

4 - 0.44 

0 

1 



Concentration 0.00985NU, 500 volts, 20 rnilliamps., (i hour), silver deposit 
0.0713 grams, sulphate strength = 5^/^ , 2o®C. 

Apparatus employed for Gels and Curds. (See Fig. 2). 
Preliminary (experiments were carried out w^ith w-shaped tul>es. At first 
these were divided into anode and cathode compartments after an experiment 



Fig. 2 

Beale al>out i :3 



by cutting through the glass at the centre of the bend. This was not conven* 
ient for filling^ as the soap contaminated both limbs during the process. Some 
experiments were next carried out with an apparatus somewhat similar to 
Fig. 2 but connected with rubber tubing which was cut in the middle of the 
bend at the end of an experiment. 
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The final form of apparatus is shown in Fig. 2, where ground in stoppers 
replace the rubber and two Guye joints (Fig. 2a) (or sometimes one) between 
ground butt end tubes serves to hold both limbs together and to permit the 
curd or gel to be cut through with silver wire at the flat ground joint. The 
total resistance of this form of apparatus was from 30,000 to 250,000 ohms, the 
lowest silver deposit being 470 milligrams. In almost every case a sample of 
the soap gel or curd was taken at the cut to test for the presence of guard solu- 
tion. In some cases if the migration was long protracted this removal of soap 
will account for slight disagreement between the two electrode portions 
although there is alwaj's agreement between constituents in each compart- 
ment. The test for sulphate was negative in all recorded experiments. Four 
semi quantitative preliminarj' experiments are not included owing to undue 
shrinkage of gel, which allowed sulphate to creep round into the middle 
portion. 

To fill the apparatus the middle U-tube is inverted and filled with fluid 
soap solution. This is then placed in ice water to solidify the soap as curd. 
To transform it to jelly it is carefully warmed to 22® until it is clear of all curd 
fibres and yet does not flow on tilting. The state of the soap is again checked 
at the end of the experiment, when it is being cut through. 

Alternative procedures were adopted depending upon whether the guard 
solutions of sodium sulphate were placed in direct contact with the solidified 
soap or a soap sol of the same concentration was interposed. When the first 
way was followed, the guard .solutions were weighed in from a pyknometer and 
the air was readily removed by rotating the electrode tubes at right angles and 
then suitably tilting them. The second procedure had the advantage that if 
the jelly shrank during the experiment only soap sol and not guard solution 
could creep round the column of jelly. 

In most experiments the gel showed considerable movement on the anode 
side, the boundary meniscus being often somewhat broken, while on the 
cathode, side the jelly usually adhered firmly to the side of the tube. If the 
jelly remained stationary throughout, liquid moved through it (electroosmo- 
sis), if not firmly fixed to the sides the jelly moved (electrophoresis). 

Data for Migration of Electrophoresis in Soap Jellies 

Tables VI to VIII contain data for the electrical migration in sodium oleate 
jellies. Table VI refers to soaps between the concentrations o.sN, and o.6N», 
Table VII gives data for soaps of approximately 0.4N, and Table VIII refers 
to soaps of approximately 0.2N,, concentration. 
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Table VI 

Transference Data for Transparent Jellies of Sodium Oleate, 0.5NW to o.6N^. 


Concn. 

Temp. 

Grams 

Portion. 

Transference number (n). 


Nw, 

®C 

silver 


Na analysis. 

01 ana)y.si 8 . 

Mean. 

0.514s 

20 

0.1475 

Anode 

T 

0 

-a 

+i 130 

1 .08 




Cathode 

-0.075 

00 

0 

1 


0.5146 

20* 

0. 1616 

Anode 

+0 002 

+0.978 

I .01 




Cathode 

0 

0 

1 

— I .024 


0 5240 

16 

0.0498 

Anode 

+0.23 

+ i .29 

I 19 




Cathode 

0 

1 

— 0 . 10 


0,5240 

r6 

0 0503 

Anode 

(~o. 12) 

(+0.90)** 

I .01 




Cathode 

— 0.04 

— 0.98 


0.6177 

16 

0.1364 

Anode 

(“-0 35) 

(+0.70) 





Cathode 

1 

0 

0 

00 

— I .092 

I .07 

80 volts, 

120-150 mins., 

5-16 milliamps., sulphate strength = 5 in fir^st two 


experiments, 2 . $% in others. 

*T€iraperatare raised to 24® for short period (iuring experiment to prevent (Mirding. 
**F2ther extraction, therefore maceurate. 


Table VII 

Transference Data for Transparent Jellies of Sodium Oleate, Concentration 

approximately o.4N^.. 


Concn. 

Temp. 

Grams 

Portion. 

Transference number (n). 

Nw 


silver 


Na analysis. 

01 aniilysis. 

Mean. 

0.3861 

Room 

O.1112 

Anode 

— 

— 

I 055 




Cathode 

— 0.049 

— I 042 


0.3912 

175 

0.0206 

Anode 

— 0. 14 

+0.98 

0.96 




Cathode 

( — 0.11 

+0 9 S) 


0.3912 

^7 

0,01895 

Anode 

+0.09 

+ i . II 

1.105 




Cathode 

— 0. 10 

— 1 . 12 



80 volts, 140 mins., 2-10 milliamps., sulphate strength»2 . 5% in first experi- 
ment 1% in others. 
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Table VIII 

Transference Data for Sodium Oleate Gels. Concentration o.aN^ (approx). 


Cone. 

Temp. 

Grams 

Portion. 

Transference number (n). 

Nw 


silver 


Na analysis. 

01 analysis. Mean. 

0,1990 

22 

0.0526 

Anode 

+0.105 

+1.174 






1.18s 




Cathode 

—0.230 

— 1 .212 

0.1990 

22 

0.0636 

Anode 

+0.049 

+ i i.So 






1095 




Cathode 

(-0.34? 

00 

1 


30 to 34 milliamps., 500 volts, 30 mins., sulphate strength *3%. 

Electrical Migration or Electroosmosis in Soap Curds 

Tables IX to XIII contain results obtained by the ele*ctrolysis of sodium 
oleate curds, of the concentration range as before, o.2N^. to o,6Nw* 


Table IX 

Transference Data for 0.5959 Sodium Oleate Curd 
Cirarns Portion. Transference numbi 


Temp. drams Portion. Transference number (n). 

®C silver Na analysis. 01 analysis. 

10 0.0732 Anode +3-33 +4-37 

Middle +0 08 +0.16 

Cathode —3.88 —4 *71 

500 volts, 6-18 milliamps., no mins., sulphate strength *5^"^. 


Table X 

Transference Data for 0.5258NW Sodium Oleate Curds 


Temp. 

Grams 

Portion. 

Transference number (n) 


silver 


Na analysis. 

OI analysis. Mean. 



Anode 

+0.748 

+» 973 

16 

0.0410 

• 


1.770 



Cathode 

— 

— 



Anode 

+0325 

+i .276) 

16 

0. 1299 



> I . 460 



Cathode 

—0.625 

— I .616) 



Anode 

+0 . 560 

+ IS 37 | 

16 

0 . 128 



/ 1519 



Cathode 

-0505 

“1 473,1 



Anode 

+0.825 

+ 1.7901 

16 

0,1148 



/ 1.847 



Cathode 

—0.912 

— 1 .861 7 



Anode 

+i .498 

+ 2 . 47 »| 

i6 * 

0.1029 



/ 1-454 



Cathode 

-1.430 

-2.421) 


80 volts, 120-160 mins., 8-10 milliamps., sulphate strength « 5^ . 
^Concentration o. 5 1 45K w. 
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Table XI 


Temp. 


10 


18 


Transference Data for Sodium Oleate C'urds 

o. 397 oNw 


Age 

Grams 

Portion 

Transference number (n). 


(days) 

silver. 


Na analysis. 

01 analysis. 

Mean. 

^05 

0.0623 

Anode 

+3 294 

+4 293 

4.27 



C^athode 

-3 233 

+4 283 


12 

0.0479 

Anode 

+3 980 

+4.986 

4.98 



(^athode 

-3 994 

-4.984 


26 

0 0483 

Anode 

+4 19 

+5 29 

5-27 



Cathode 

-4 42 

-546 


8 

0.1495 

Anode 

— 

— 

2 11 



C'^athode 

-I 133 

-2.079 



500 volts, 54-105 mins.. 12-25 milliamps., sulphate strength =5%. 


Table XII 

Transference Data for o.366N^^ Sodium Oleate Curd. 

Ago (trams Portion. Tninsforenoe number < 

(days) silver. Na analysis. ()1 analysif 

27 o 0492 Anode +3 362 +4 235 

Middle —0.012 — o 017 

(’athode —3 416 +4 472 

6-10 milliamps., 500 volts, 80 mins., sulphate strength = 3^^. 


Temp. 

10 


Mean. 
4 40 


Table XIJI 

Transference Data for o. i qqoN^ Sodium Oleate Curds 


Temp, (Srarns Portion. 

’'C silver 

16 0.0411 Anode 


('athode 

14 o OS74 Anode 


Transference number (n). 


Na analysis. 

01 analysis. 

Mean. 

(+0.459) 

+ i 534 

I .61 

-0 673 

-1.639 


+0 707 

+ i 703 

I .71 


Cathode (—1.352 —2.382) 

500 volts, 65-45 mins., 6-16 milliamps., sulphate strength = 5<>c 


Discussion 

The Inherent Identity of ‘^Migration’S “Electrophoresis” and 
Electroosmosis” in Solutions and Jellies of Soap 

The movement of each constituent of soaps in solution relative to the sol- 
vent during the passage of the current is unaffected by gelatinisation and re- 
mains the same whether the jelly moves as a whole or in parts through the 
solvent or when the jelly is fixed so that the solvent has to move through the 
jelly. 
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It is evident that identity in their very nature exists between the three 
phenomena of migration, electrophoresis and electroosmosis and that they 
should therefore be treated from the same standpoint and not regarded as 
belonging to different branches of science. 

The movement relative to the solvent in sols or jellies of sodium oleate 
which was given in detail in the previous tables is summarised in the following 
Table XIV, in terms of equivalents of fatty acid transported towards the 
anode per faraday of current. The movement of sodium is in necessary ac- 
cordance with Faraday's law and in agreement with the measurements, one 
equivalent less in the same direction. The values for curds are given for com- 
parison but they are governed by other experimental conditions. 


Table XIV 

Comparison of Observed Hittorf Transference Numl)ei*s 
for Sols and Jellies of Sodium Oleate 


Conrn. (Nw). 

Sols 

Jellies. 

Curds. 

0.6 

I 05 

1 .07 

4-49 

0-5 

1 .09 

1.07 

I .69 to 2 .45 

0.4 

I . 12 

r .08 

2 . II to 5 .27 

0 2 

1 , 22 

1. 19 

1 . 6 1 to 1 . 7 1 


Bearing upon Theory of the Stiucture of Jellies 

In 1920 McBain and Laing pointed out the significance of the fact that 
sols and jellies of soap differ only in their mechanical properties and exhibit 
the same conductivity, osmotic behaviour, concentration of sodium ions, 
refractive index etc. To this must be added their identical behaviour during 
the passage of an electric current in spite of the enormous difference in elas- 
ticity and rigidity. Evidently the same equilibria and the same colloidal 
particles exist in sol and gel. 

They pointed out that these facts preclude the existence of an emulsion 
structure such as that postulated by Wo, Ostwald and M. H. Fischer, or an 
open or closed honey comb structure such as that postulated by Biitschli, 
leaving only the possibility that the structural basis of the jelly is built up of 
the colloidal particles which have almost wholly retained their individuality 
like beads in a necklace. This is essentially a reversion to the micellar theory 
of Nageli which has received much strong support from Zsigmondy, Pauli, 
Bachmann, and recently Bogue 

There are various ways in which colloidal particles can be put together so 
as not to interfere with the conductivity of the solution, such as in filaments, 
or ‘'brush heap” (Holmes) or even by assuming that the micelles are them- 
selves chains of single molecules. Experiment has not yet decided between 
these variants of micellar structure, but it has to be remembered that in soap 
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solutions the conductivity is largely due to the minute ionic micelles^ whereas 
the gel structure is probably built up from the much larger particles of neutral 
colloid. For purposes of measurement with alternating current the ionic 
micelles appear to move as readily through a soap jelly as through the same 
solution when fluid, but during prolonged electrolysis with direct current 
ocular observation appears to afford evidence of strain and of tearing of 
jellies of soap and gelatine. This point will be considered again. 

Curds are wholly different from sols and gels in that a process analogous 
to crystallisation has occurred with the separation from solution of hydrated 
neutral soap in the form of white fibres^ whose X-ray structure has been in- 
vestigated by my colleague Mr. S. H. Piper^ whereas sols and gel exhibit no 
such structure. These fibres enmesh a mother liquor which is saturated with 
respect to them and whose concentration may lie determined by analysis, 
lowering of vapour preasure and diminished conductivity. 

Possible Alternate Explanation of Electioosmosis 

There is but one current explanation, namely the Helmholtz double layer 
but we can here sugg(\st thn^e further mutually exclusive alternative mechan- 
isms to explain cataphoresis and endosmosis, only one of which is in accord- 
ance with the facts here present<‘d. 

1. The Helmholtz double layer as currently accepted may l>e made to 
harmonise with any conceiv^able set of facts and is therefore useless as a work- 
ing hypothesis. 

2. There seemed to lie a possibility tluit in electroc^smosis there might be 
found a method of measuring the hydration of a simple ion, whereas the classi- 
cal experimentvS of Washburn and others merely measure the difference be- 
tween hydrate water carried by cation and anion. The hypothesis is that in 
electrodsmosis lUMther diaphragm nor solvent as such moves with respect to 
the electrodes. The apparent movement would then he attributed to the 
hydrate water carried by the free ions of opposite sign to the charges on the 
diaphragm. In the present case, the ions in question would have to be hy- 
drated sodium ions carrying water towards the cathode and the rigid surface 
would be represented by curd fibres or the particles of neutral colloid, not 
included in the ionic micelle. This Iea<ls to a direct numerical prediction 
which is not in accordance with the experiments as will be shown in the general 
discussion on the influence of hydration in a later section. 

3. It is recognised that during the electrolysis of any ordinar>' electrolji^e 
tremendous forces me being applied to move the ions through the solution 
with appreciable velocity and that anion and cation exactly adjust their 
velocity so that they are in inverse proportion to the forces required to over- 
come the frictional resistance or drag, leaving thus no residual hydrostatic 
pressure on the solution in either direction. It may be that in the outer mo- 

' McBain and Jenkins: J. Chezn. Soc.,121, 2525 (1922); Bowden; J.Chem.Soc., 123 , 
2417, (1923), and later. 

* McBain and Laing: J. Chem. Soc., 117 , 1507 (1920). 

* Proc, Phye. Soc. Lond., 35 , 269 (1923). 
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bile layer of free ions this great frictional effect would persist but not be com- 
pensated by any comparable frictional resistance of the rigid surface. In this 
case the whole of the solution would move bodily with the free ions past the 
charged surface. This again leads to a definite but different numerical pre- 
diction which is not in accordance with the facts (see below). It is also very 
similar to the description given by Burton that the solution is bodily dragged 
through as it were by its skin. 

4. It seems probable that the correct view is that, in all systems, positively 
and negatively charged carriers and materials, whether ions, colloidal particles 
or surfaces, exhibit frictional resistance or drag of the same order of magnitude, 
(although of course not equal) and that their treatment should be exactly 
like that accorded to any ordinary electrolyte. This underlies the observation 
of Muller referred to in the introduction, and finds quantitative expression 
in the general formula developed in this paper. 

The difficulty which stands in the way of hypothesis (2) may be briefly 
summarised, in order to show that this suggestion must be dismissed. Various 
sets of arbitrary assumptions may be made to see if by any possibility the 
data here presented may be made to fit the hypothesis. For instance, one may 
take the true migration number predicted for the ionic micelle from conduc- 
tivity data as 0.60, with the assumption that the whole of the neutral colloid 
is included in the ionic micelle. In any case since the total colloid is five times 
greater than the aggregated oleate ions, a true movement of 0.6 of ionic 
micelle ought to yield an apparent migration of 5X0.60 = 3.0 equivalents of 
oleate radicle moving to the anode. Any hydration of the sodium ion would 
simply magnify this and bring it further away from the observed value of 
1.08 so that hypothesis (2) is in the wrong direction. 

Again if it is assumed that the ionic micelle is quite free from neutral 
colloid, there is a discrepancy of from 1.08 to 0.00 between observed and pre- 
dicted values which would be accounted for if the hydration of the sodium 
ion is (Na+i32H20) in N/io solution of sodium ion, wdth the hydration 
increasing in nearly direct proportion to the dilution. This is an absurd hy- 
dration to ascribe to the ordinary sodium ion. It is particularly so in view of 
the previous experimental proof of McBain and Jenkins that it is the soap 
that is exceptionally hydrated. 

Another compromise might be effected by assuming just enough neutral 
colloid in the ionic micelle to fit in with any hydration of the sodium ion from 
O to the value just given, but even this final possibilit}" disappears when we 
compare the results for sol and gel with the much higher values of curd 
or the same total concentration. 

If the sodium ion is taken as having a constant hydration, curd ought to 
have given the same migration as sol and gel instead of being several times 
greater, whereas if the hydration of sodium ion is taken as being proportional 
to the dilution it can just be made to explain a few cases of the observed curds 
but is then several fold in error for the remainder. 

Hypothesis (2) is thus irreconcilable with the experimental facts. 
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Hypothesis (3), which is to the effect that the sodium ion carries the whole 
of the mother liquor bodily with it past the colloid, predicts a migration num- 
ber of about 5.0 (because there are 5 equivalents of soap in the amount of 
solution containing one equivalent of Na.) if expressed in terms of oleate 
radicle, whereas the value ob8erve<l is only a small fraction of this, namel3^ 
1.08. 

It might have been possible partially to adopt the suggestion of hypothesis 
(3) but only by si>eculating that the movement of the particles of ionic micelle 
is of a different character from the movement of particles of neutral colloid 
and allowing it only to explain the electrophoresis of the latter but not of the 
former in the same solution. Even so, this is found to lead to an electric 
charge on the neutral colloid which is at least i/8 as great as that of the ionic 
micelle and which may even exceed it. Further, the same incompatibilit}" 
between the results for curd and sol is met with as in hypothesis (2). 

It is thus seen that the only standpoint from which all the data can be 
consistently maintained is that of electroh’tic migration that is» hypothesis 4) 
as explained in the introduction and embraced in our quantitative formation. 

The Reason for the High Value of the Apparent Migration Number 

of Sodium Oleate 

The trans[K)rt. numl^er of an ordinary sodium salt of a heavy organic acid 
is 0.32. The lowest value found in any cast^ is 0.58 for o.oiN,^ sodium oleate 
solution (Table V). There is still an appreciable amount of colloid in solution 
even as dilute as 0.04NW In higher concentrations the experimental value 
exceeds unity in sol and gel and the sodium movers on the whole towards the 
anode. The curd presents the same l>ehaviour in highl}*^ exaggerated form. 

It will be shown that the high values are due not merel}^ to high mobility 
of the ionic micelle with its aggregated oleate ions but that the undissociated 
colloid also moves independently although more slowly towards the anode, 
the two together thus carrying more sodium towards the anode than is carried 
through the migration of sodium ions towards the cathode. 

In 0.01 solution, although the soap is crystalloidal (apart from small 
quantities of colloidal acid soap) the apparent migration of the sodium is only 
0.42 because an appreciable fraction is being carried by the small amount of 
highly conducting sodium hydroxide formed by hydrolysis. The quantitative 
calculation from the concentrations shown in the diagram (Fig. 3) predicts 
that the movement of the sodium ion under these conditions should have been 
0.43 since the movement of soloate ion is 0.28 and that of hydroxyl ion 0.29. 
The method of analysis does not distinguish between these two but gives their 
sum and although no stress can be laid upon an obviously inexact experiment, 
the mean result coincides with that predicted. 
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Formulae for calculating the Effects of Hydration upon 
Apparent Migration 

McBain and Salmon^ were unable to decide with regard to the constitution 
of the ionic micelle as to whether it consisted solely of aggregated and hydrated 
fatty ions or whether it contained as well some or all of the neutral colloid. 

Bowden has pointed out that his migration results seem to show that the 
neutral colloid was mostly independent of the ionic micelle, and very direct 
evidence to the same effect was obtained by McBain and Jenkins in ultrafil- 
tration. However it is worth while scrutinising the present results to see 
whether the same conclusion inevitably follows. 

In the first place if the whole of the colloid were assumed to be in the ionic 
micelle, the migration number ought to have been 3.00 instead of 1.08 and the 
only way of reconciling the two results is by assuming excessive hydration of 
the ionic micelle, resulting in the apparent bodily displacement of the whole 
solution towards the cathode. 

The following is the fonnula for calculating the magnitude of such effects 
of hydration. For each unit of discrepancy between the apparent and true 
migration number there has to be carried by one equivalent of the anion a litre, 
or 1000 grams or 55 mols of water, divided by the product of the total normal- 
ity of the solution and the true migration number, that is, one equivalent of 
the anion must be combined with 

55 V mols of water 
n 

where v = number of litres of solvent containing one mol of solute. The total 
water in the solution is only 55V so that at first sight it would seem that one 
unit discrepancy of the migration number would require several times as much 
water of hydration as the solution contains and it might seem that hydration 
never could cause anything like a unit discrepancy even of the whole of the 
water in solution were taken as combined with one of the ions leaving no 
solvent. However, this would only be true for one hundred per cent ionisa- 
tion, whereas for incompletely dissociated substances at any given moment the 
amount of water combined with the amount of ion actually present would be 

a ^ 

CL* 

n 

In the case of the more concentrated solutions of sodium oleate a is onjy 20% 
in terms of the Arrhenius theory. 

Attempting to apply this formula to o.sN^ sodium oleate where the dis- 
crepancy is 3.00 minus 1.08 = 1.92 units, 352 mols of water would be carried 
per one electrochemical equivalent of micelle, therefore the water carried by 
the micelle as hydrate water would have to be 72 mols of water to i mol 
micelle, but the total water present is only 1 10 mols, therefore the value indi- 
cates that 2/3 the total water present would have to be water of hydration of 
ionic micelle. (The same values of predicted hydrate water may be arrived 


^ J. Am. Chem. 80c., 42 , 426 (1920). 
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at by use of McBain’s more general formula' where the difference in migration 
number due to hydration is expressed as (ua— Vi8)c where n and are the 
number of water mols combined with cation and anion and c is the concentra- 
tion of the solution in equivalents per 18 cc.) It is also seen that this hydra- 
tion must be taken as being practically proportional to the dilution, that is 
2/3 the total water for such concentration of sodium oleate would have to be 
regarded as hydrate water. 

It is obvious that these valu(3s are far too high to be considered and that 
we must reject them entirely. (Heference might have been made to Barratt 
and Harris'-^ who though favouring the hydration theory of ions of hypothesis 
(2) were overwhelmed by its consequences, for they calculated that anywhere 
between i8 and 370 mols of vvatcT wer<‘ transported through agar diaphragms 
for every molecule of solute decompos<'d electrolytically). It is much more 
reasonable to assume that th(‘ hydration of the ionic micelle is at least approxi- 
mately constant. 

It is TU‘cessary then to assume that much of the neutral colloid exists and 
moves independi'ntly of the ionic micelle, a‘ conclusion which will be strength- 
ened in the following paragraphs. 


The Change in Migration Number with Concentration 

Before carrying out further calculation it is well to recall the results ob- 
tained by Bowden who observed a small but definite decrease in migration 
number in high as compared with medium conciTit rat ions. The same thing 
has b<*en found in the presc'iit ease. For convenience these results are sum- 
marised in the following table. 


Table XA' 

Effect of Concentration on Migration Numl)ers 

Tran^foroiire 1 (>N\ o 5Nw 

number. 


NaOl sol 
NaOl gel 


i 086 
1 .086 


I 204) 
1 . 182/ 


Laing 


K laurate 
K oleate 


< 5-55 


0.70 


0.67 ( 
(0.25N) 0.75 ( 


Bowden 


We shall explain this change of migration number with concentration as 
being due to hydration since from the formula already given it is seen that a 
hydration exerts an effect which is approximately propoilional to the concen- 
tration. Before doing so, a word may be said with regard to current alterna- 
tive methods of explaining change of migration number with change of con- 
centration. Our opinion is that when such change is observed in very dilute 
solution, as is the case of hydrochloric acid, it is because change of conductivity 
affects the actual hydration of the t wo ions unequally (which is in accordance 
with the mass law) that is, the effect is due to change in the actual formula and 
properties of the ion. 


* Z. Klektrochcmip, 14, 216 (1905). 
*Z. Klektrocheraie, 18, 221 (1912). 
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There are two other general methods of explaining the change of transfer- 
ence ratios with concentration, the formation of complexes and the change in 
viscosity of the medium. Since we can evaluate the constituents of soap 
solutions we need not invent other complexes and we can put aside the viscos- 
ity correction of transport numbers after consideration of our results for sol 
and gel. Here an enormous increase in viscosity in changing from fluid sol 
to rigid gel does not lower our migration number, or even the conductivity, in 
the slightest degree. The change in migration number with concentration 
cannot then be due to change in viscosity. This seems to show too that the 
attempt to explain anomalous conductivity by change of viscosity is of doubt- 
ful value. In any case it is remarkable that the attempt should be made to 
explain migration by change in viscosity of the medium which presumably 
should affect all ions alike. 


Distinction between Neutral Colloid and Ionic Micelle of Sodium 
Oleate Sols and Jellies 

If hydration is to explain the change of transport number with concentra- 
tion we can calculate that most of the neutral colloid is not contained in the 
ionic micelle but also exists separately from it and we can also deduce the total 
movement of this undissociated soap during the passage of the electric current. 


We proceed by assuming an approximately constant hydration for the 
concentrations o.sNw and o.2Nw for which the migration numbers i.o8 and 
1.20 are observed. If we take it that there is enough neutral colloid so that 
apart from the effect of hydration the apparent migration number would be 
raised from the true value o.6o to 1.28 in both cases, the hydration vrhich 
would bring this to the experimentally observed migration values is 35 mols 
of water per equivalent of micelle and the neutral colloid moving simultane- 


ously with the micelle is 
ionic micelle. 


1 .28 — 0.60 
0.60 


= 1.13 equivalents per equivalent of 


It is obvious that this definite result may be expressed in either of two ways, 
the first suggestion is to put all these constituents into the ionic micelle whose 
formula would then be ( 01 ' 1.13 NaOl, 35 H20)x. The remainder of the 
neutral colloid, nearly 3/4 of the whole, would in this event have to be regarded 
as being free and independent and completely uncharged and since it would 
not be moved with the electric current its own hydration would not come into 
account, although we would have to admit that it was passively displaced 
towards the cathode by the 35 mols of water carried with the ionic micelle 
towards the anode. It is more rational to account for the same total move- 
ment of these three constituents by a different allocation between ionic micelle 
and neutral colloid, the great difference between the two views being that 
when neutral colloid is in the ionic micelle it must move as fast as the ionic 
micelle whereas the same total movement is obtained by ascribing a corre- 
spondingly slower movement to the whole of the neutral colloid if moving 
independently of the ionic micelle. 
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Although it is an extreme view to regard the ionic micelle as containing no 
neutral colloid at all, yet since it has been shown that most of the neutral 
colloid is in any case independent of the ionic micelle, further results will be 
discussed upon this basis as a useful approximation to the truth and it will be 
seen that thereby the whole of our results even with curds can be quantitative- 
ly accounted for. 

The movement of 1.13 equivalents of sodium oleate to each equivalent of 
oleate must now be distributed over the whole of the neutral colloid and since 
the neutral colloid presimt is in the proportion of i to 4 micelle, it must now 

be taken as moving — -- times as fast. It will be shown below that this 

1. 13 * 

factor — ^ suffices for the prediction of the effective mobility of the curd 
4 

fibres which are likew ise composed of neutral colloid. 

Further experiments on ultrafiltration will decide as to the allocation oT the 
35 mols of water as l)etween ionic micelle and neutral colloid but in any case 
35 mols of water accompany the movement of one equivalent of pol^Tnerised 
oleate ions and that of four equivalents of sodium olc^ate making a mean value 
of 7 mols of water to one equivalent of oleate radicle. 

This estimated hydration can l>e further altered only by taking into ac- 
count the possible hydration of the sodium ions also. Inserting Washburn’s 
value of Na 10H2O, and using McBain’s formula for the total correction due 
to hydration 

(ua~vi8)r 

the total 35 moLs of water moved towards the anode per equivalent of micelle 
becomes nearly 42 mols wat<*r, and taking into account the degree of dissocia- 
tion this would require 8.4 mols actually pre.sent at any one time. With the 
2.0 mols in the corresponding ions we therefore arrive at a value 10 rnols of 
water per equivalent of total soap. The net movement of neutral colloid is 
unaffected and remains as before 1.13 equivalents per equivalent of ionic 

micelle and its effective mean mobility — ^ =2/ 7 of that of the ionic micelle. 

4 

It is thus seen that the effective mobility or fi of the ionic micelle in terms of 
our general formula, is nearly equal to ft since one electrical charge has been 
assumed for each oleate radicle. On the other hand although the effective 
mobility m2f2 of the neutral colloid amounts to as much as 2/7 of that of the 
ionic micelle, nevertheless it is probable that this is merely due to the enor- 
mous value of m2, the number of chemical equivalents required to carry one 
electrical charge. An attempt will be made in a further investigation to 
evaluate m2f2 separately and we expect to procure measurements of the 
equivalent conductivity of neutral colloid and curd fibres as well as the me- 
chanical obstruction which they offer to the passage of the electric current. 
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Corresponding Recalculation of McBain and Bowden’s^ Value for 
Potassium Oleate and Potassium Laurate 

We can now establish the values required to explain the migration data 
for potassium oleate and potassium laurate in various concentrations. We 
get the strikingly simple result that the behaviour of potassium oleate is 
quantitatively predicted if we assume the same effective mobilities for ionic 
micelle and for undissociated colloid as we have found in the case of our 
sodium salt. Their data therefore corroborate the conclusion that the ionic 
micelle contains very little soap and that the effective mobility of the undis- 
sociated colloid is 0.34 times that of the ionic micelle. The effective mobility 
of undissociated colloid in potassium laurate is distinctly higher, namely 
0.51. Details of these calculations now follow. 

Potassium oleate may be taken as being 30^/?. dissociated into ionic micelle 
and 70% neutral colloid. The migration numbers observed for 0.5 were 0.70 
and 0.75 respectively. To give the ionic micelle ai)proximately the same 
percentages composition in both solutions, it is found neces8ar>" to assume 
that the hydration is about 23 mols of water per equivalent of ionic micelle, 
and correcting for the hydration of the yiotassium ion (6II2O), this becomes 
29,3 mols of water. The corresponding amount of neutral colloid in one 
equivalent is 0.78 equivalents for each one equivalent of ionic micelle, the 
relative amounts being 30^'^ and 70%. The relative rate for equal quantities 
of neutral colloid and ionic micelle are in the proportion of 0.34 to 1, exactly 
the same result as we have with socUum. Ultra^ltration has not yet l>een 
employed to check this value for the hydration of the potassium salt. 

The calculation for the laurate is slightly more laborious l>ecau8e account 
has to be taken of the simple laurate ion w^hich is present in appreciable 
amount in dilute solutions. The observed migration values in t.o and 0.2N 
K laurate are respectively 0.55 and 0.67 from which it follows that the hydra- 
tion water moved for each ecjuivalent of ionic micelle is 35 mols of water, and, 
correcting for the hydration of potassium, this becomes 41 mols of water, 
the neutral colloid then being 0.88. Taking into accoimt the relative propor- 
tions of neutral colloid and ionic micelle present, each equivalent of neutral 
colloid is moving 0.5 1 times as fast as an equivalent of ionic micelle. It might 
be noted liowever that if Bowden’s result for 0.2N potassium laurate solution 
had be(m very slightly lower this result and the hydration would have been 
appreciably lowered. The* hydration found when spread over the total soap 
present is about 17 mols equivalent, whereas Jenkins found as a minimum 
about 12 mols of water. 

The values adopted for the hydration are of the same order of magnitude 
as those which alone are consistent with the direct experimental measure- 
ments of the movement of glycerine in Bowden’s electrolysis. 


* J. Chem. Soc. 123 , 2417 (1923). 
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Discussion of Results for Soap Curds 

Here again, the relative movement between the soap constituents and 
water is independent of whether the curd itself is free to move or fixed so that 
the water must move through it. 

The soap curds show a range of migration values wdiieh may even exceed 
five equivalents carried tow^ards the anode per faraday of current. C’urds 
contain curd fibres of neutral colloid which has separatetl from the solution 
they enmesh. Examination of the results show^s that the highest values of 
migration are obtained where th<‘ highest proportion of the soap is in th(‘ form 
of these fibres. Before evaluating the results it is necessary to e.^tablish the 
concentration of the mother liquor surrounding th(‘ curd fibres. Although 
more dilute, it is an ordinary soap solution containing ionic micelle, neutral 
colloid and sometimes simple oleati' ion. 

There are two methods of finding the relative amounts of mother liquor 
and curd fibres. Th<* one suggested in the earlier paper w^as the use of con- 
ductivity measurements. Data are recorded (Laing and McBainO which 
show^ the conductivity of these soaps whether as curd or sol. In each case the 
conductivity of the curd is low^er than the sol and although it decreases as 
more fibres develop, it always remains an appreciable value. The drop in 
conductivity when fibres form may be attributed to the removal of some con- 
stituents from the solution, and ratio 

conductivity of curd X concent ration 
conductivity of sol 

should give the luimlKM* of equivalents remaining in solution (not as curd 
fibres). This however neglects any effects of the mechanical resistance of 
fibres as weW as anv residual conductivity wdiieh they may contribute. 

The s(»cond method only recently tried should give results which are more 
comparable with the curd under investigation. A large conductivity cell of 
borosilicate glass as used in previous work* has been specially constructed so 
that the central portion of the column of glass ware between the electrodes can 
he bodily removed. This is easily done by the use of Guye joints and glass 
tubing wdtli ground butt-emds as already described. The soap to be investi- 
gated, of the same concentration as one for winch transference numbers are 
available is poured into the cell, wiiose cell constant has been determined with 
N/io KCl, and allowed to curd. After a specified time (one week at o° in the 
three experiments carried out) the conductivity of the curd is taken at the 
required temperature with the I-iceds and Northrup conductivity set. The 
inset tube is then removed and at the mme temperature the column of curd 
is compressed against a perforated porous plate and the few’ drops of mother 
liquor thus squeezed out are allowed to fall on the ground glass w^edge of the 
Zeiss Dipping Refractometer. Their refractive index is then read and the 
concentration to which the value refers is taken from our standard graph. 


* J. Chem. Soc., 117 , 1506 (1920). 

• Laing and McBain: loc. cit. 
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T his affords a very direct check on the former method and yields predicted 
values for migration which are very near those found. The calculation will 
now be described. 


Application of our Theory in predicting the Migration Data for Soap CurdSt 
with the effects of Temperature and Concentration 

Knowing the concentration of mother liquor bathing the fibres we can 
read off its constituents* in percentages from Fig. 3. These can be expressed 



TOTAL CONCeurmT/ON OTSOlUTtON 
Fkj. 3. 


in terms of effective mobility by intro- 
duction of the conductivity values and 
concentration of each constituent. But 
the value so obtained is only a part 
of the migration number because we 
have omitted the curd fibres which con- 
stitute a large portion of the solution and 
which contribute to the total trans- 
ference through electrophoresis of neutral 
colloid. Before calculating the total 
transference the concentration of curd 
fibres has to be added to the concentra- 
tion of neutral colloid contained in the 
solution. 

A specimen calculation of EIxpt. 21, 
is given to show how the predicted 
numbers are arrived at implicitly 
assuming the formula 

'cv ' + Cimif 1 -i- c^m sf 2 
n « 

M 


The relative proportions of the various 
constituents of solutions of pure 
sodium oleate at 18*^0. 


and taking mi in the ionic micelle equal 
to unity and mjf2/fi«o.34 


o. 5T45 Nw soap curd is bathed by mother liquor of 0.23QN. 
0.239N solution reading from diagram (Fig. 3) consists of 


^ The proportions of each of the constituents of solutions of sodium oleate have l»een 
determined from our previous osmotic and conductivity measurements by the method 
described by McBain, Lamji; and Taylor ( J. Chem. Soc., 121, 628 (1922) ), using Sherriirs 
formula (J. Am. Chem. 80c., 32 , 741, (igio). Fig. 3 is a diagrammatic representation of 
the percentage cornpcisition of solutions of sodium oleate of concentrations o.oiNw to 0.4NW 
obtained in this way. The main constituents in concentrated solutions are colloidal, namely, 
ionic micelle and neutral colloid. The ionic micelle is a colloidal particle which is an aggi^ 
gate of ordinary fatty ions such as oleate (OP) which have retained their electric charges so 
that the soap in the particles together with the corresponding sodium ions, exhibits an 
equivalent conductivity which is even greater than before aggregation. Its approximate 
formula would be (Ol'} io(H« 0 )m. Neutral colloid, is hydrateoaggregates of undissociated 
soap with only a slight electric charge. The other conducting constituents are simple 
oleate ion, and sodium ion as dissociation products of sodium oleate salt. The percentage of 
Na ion is of course eqiial to the sum of the percentage amount of ionic micelle plus the per- 
centage amount of the simple oleate ions. In addition in dilute solution there is a very 
small amount of acid soap and hydroxyl ions. The mobilities of the several ions at were 
assumed to be Na. *43.6 Cl', -20.7, ionic mioelle«K. *64.7, OH'-i74. 



MOVEMENT IN AN ELECTRICAL FIELD 


701 


Simple 01 ' i%, ionic micelle 18.5%, neutral colloid 77^. 

1% of o.239«o.oo2, expressed as conductivity is 0.0024X64.3=0.154 
18.5 of 0.239 = 0.044. expressed as conductivity is 0.044X 108.4 = 4.786. 

77 % of 0.239 = 0.184 = 4.16 ionic micelle. 

Therefore migration for substance in solution 
4.786 

X0.60 for ionic micelle = 0.581 

4.940 

^ fQj. simple or = 0.010 
4.Q40 64.3 

1.13 X4.i 6X0.60 in neutral colloid particles = 0.706 

4 Total = 1.297 

But taking the fibres into account 

Concentration of fibres is 0.5145 — 0.239 = 0.2755 N. 

o 276 . . . „ 

i.e. X lomc micelle = 6.26 

0.044 

i.e. for fibres 1 . 13X6 26X0.60= i .011 
4 

Therefore total transference is i .297+1 on 

= 2 31 predicted. 

= 2 45 found. 

The values firedicted for <‘very curd are given in the final column of Table 
XVI and it is seen that they agree surprisingly well with the transference 
actually observed.* 


Table XVI 


Comparison of Predicted and Found Values for Curds using Formula x. 


I'otal 

normality 

Temp 

Normality 
of motht'f 

Normality 
of run! 

Migration 

numbers. 

Maximum di- 
vergence in 

of soap. 


liquor. 

fibres. 

Predicted. 

Found. 

migration nos. 


10 

0.165 

0 39 * 

4.03 

4 40 

— 

0 

0 

18 

0 . 3*4 

0 210 

1.87 

I 69 

dbo.18 

0 5 M 5 

18 

0 239 

0 .276 

2 3 * 

2.45 

^c.03 

0.3970’*' 

0 

0.087 

0.310 

4 37 

4 25 

dbo.03 

0.3970’*' 

5 

0.093 

0 304 

4 . 10 

4.98 

±0.00 

0 3970 

10 

0.117 

0.280 

4.90 

5-27 

±0.13 

0.3970 

18 

0.216 

0 181 

2 .08 

2.11 

±0.02 

0 366 

10 

0. 168 

0 

0 

00 

4.40 

4.40 

dbO.07 

0.1996* 

14 

0.122 

0.077 

1 .96 

2.03 

±0.34 

0, 1990* 

16 

0,130 

0.069 

1 .60 

I. 61 

±0.07 


♦Corrected for neutral particles in low concentration of mother liquor. 


' The one remaining item left out of the calculation of the curd is the effect of the 
movement of the hydrate water of the curd fibres, since they are not anhydrous. However 
a rough estimate show^s that the predicted valu^ for curd would be lessened by only a very 
few per cent at most. 
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It is well to remember that velocity of cataphoresis and mobility are not 
equivalent and should not be confused since the first is mi times the second. 
They are only identical if mi is equal to unity, that is, if there is one electrical 
charge per chemical equivalent. This confusion has for instance arisen in the 
literature of proteins where the total movement mifi has been interpreted as 
being ionic mobility /i. 

Ix)w temperature and age each decrease the concentration of mother liquor 
and these effects are as pronounced as to furnish a searching comparison be- 
tween theory and observation. 

The agreement between prediction and experiment substantiates the 
formula developed in the present paper and justifies the simplification of the 
electroosmosis which enables us to express it in tenns of conductivity and 
concentration. 

Comparison with any good discussion of electrophoresis and electroosmosis 
on the hitherto accepted lines such as the excellent account given by Briggs 
in the Second Colloid Report makes it evident how much simpler is our present 
consistent standpoint of electroljiiic migration. For instance, the most im- 
portant effect of temperature is the alternation of viscosity which is known to 
condition the temperature coefficient of specific conductivity and hence also 
the amount of current produced by a given potential but all that matters is the 
total current that passes. Similar treatment applies to Burton’s experiments 
on the electrophoresis of .silver sols. 


Visual Observation during Electrolysis 

In most experiments on electrophoresis and electroosmosis of soap jellies 
and curds a layer of highly refracting liquid pushed forward towards the anode 
beyond the soap boundary making a clear mirror like surface where it came in 
contact with the sulphate solution. A few typical experiments are recorded 
in Table XVII. 


Table XVII 


Moving of Soap Boundaries during Electrolysis of Clear Jellies 

Movement in millimetres. 


Conen. 

Time in 

Portion. 

Jellv 

boundary 

Clear layer 

Nw. 

mins 


beyond jelly. 

0*53 

90 

Anode 

+9 

+4 



Cathode 

none 

none 

0 5T 

6o 

Anode 

+ 10 

+6 



Cathode 

-3 

none 

0-39 

30 

Anode 

+6 

+4 



Cathode 

— 2 

none 

0-39 

6o 

Anode 

+ 13 

+ 2 



C/athode 

-6 

none 


It is seen that the layer of clear liquid advances towards the anode dis- 
tinctly faster than the body of the soap jelly itself, indicating a separation of 
the two constituents. In a simple case of a solution containing only one 
anion, we have no such separation. Thus when potassium permanganate is 



MOVEMENT IN AN ELECTRICAL FIELD 


703 


electrolysed between two colourless solutions the red colour moves bodily 
without developing any such irregularity . Here however we have the fast 
moving ionic micelle followed by the slower moving but larger amount of 
neutral colloid. 

The presence of more than one carrier in the electrocsmosis in clear jellies, 
whether of soap or gelatine, is often evidenciHl by the disintegration into 
discrete flocks which often progrc'ssively appear during the passage of the 
current. It must however be rememlx^red that the jelly is fairl}" fragile and 
on the whole the structun' of the jelly appears to ofTer very little resistance to 
the passage through it of the* ionic micelle. This is a further confirmation of 
our theory of gel structure. 

(.'urds also behave in the manner exfKHded for even when the curd is finnl>' 
fixed in the tubi" so that a solution is Ixdng carried through it towards th^' 
cathode (the layer of extrudc'd liquid l>eing of couree clearly visible on th^ 
cathode side) it is possible also to see* the much smaller amount of clear laye^* 
formed Viy the ionic mic(*lle advancing out of tlie curd towards the anode. 

Stenolysis 

Stenolysis is explain(*d by our theor\' of surface layers binding one ion so 
that it cannot move and which thiTefore necessitates one ion carrying the 
whole of the current. At the end of the crack one ion is continuously being 
discharged into the solution and this must cause a considerable potential 
difference between the end of the crack and body of the solution. If the 
potential diffc'rence is greater than the decomposition potential of one of the 
ions present, it wnll be discharged electrically and thus deposited as metal or 
gas at an electrodt*. If the hypothesis is true, stenolysis should only be ob- 
scTved with ions of numerically low eleetrcKle potential and not wdth such ions 
as potassium, chlorine or iron. 


Summary 

1. Forty very complete experiments, involving 160 determinations of 
electrolytic migration have bcH'n carried out on the constituents in solutions 
of sodium oleate in the form of sol, gel and curd. 

2. The chief results is to show’ that electrolytic migration, electrophoresis^ 
(cataphoresis) and electroosmosis (electrical endosniosis) are strictly identical- 

3. A general formula 


cimdi 

ni « 

M 


expresses the actual movement relative to the solvent of each constituent of 
any electrically conducting system, whether homogeneous or heterogeneous, 
electrolytic, colloidal or involving electrical double layers or diaphragms. The 


mif 

movement of the solvent relative to any conducting constituent is kilos 


of solvent per faraday of current. 
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Velocity of electrophoresis and mobility are not identical although they 
have often been confused, for example in the study of proteins where the 
cataphoresis niifi has been interpreted as being the ionic mobility fi. They 
are the same only when mi is equal to iinit}^ that is when there is one electrical 
charge per chemical equivalent. 

From this standpoint the only distinction between colloid and crystalloid 
is the number of chemical equivalents which are associated with one electrical 
charge. 

4. In an electrical double la3’’er such as that on the surface of a colloidal 
particle the particle itself seems to exhibit a conductivity per electrical charge 
almost comparable with that of an ion. Furthermore the corresponding ions 
of opposite sign in the solution forming the outer half of the layer maintain, 
unimpaired, the conductivity which they exhibit in the free state. 

5. The relative movement of soap and water is found to be independent 
of whether the soap is moving as particles of jelly or as one mass of jelly or 
whether the water is forced to move through the soap jelly and the same value 
is obtained when the jelly is completely transformed into a fluid ordinary sol. 

6. It is shown that electroosmosis can not be explained in terms of hydra- 
tion or in terms of the frictional drag of a single ion. 

7. The identity of these values for sol and gel affords further strong evi- 
dence for the conclusion that the colloidal particles in sol and gel are identical 
in nature and amount , save that in the jelly some of them are arranged possibly 
in filaments or other loose structure affording no additional resistance to the 
passage of the electrical current. 

8. Whereas in dilute sohition the migration of sodium oleate is that of an 
electrolyte, in the more concentrated solutions rather more sodium is moved 
towards the anode than towards the cathode. In a curd still more movement 
towards the anode is observed which may in some cases exceed five equivalents 
of oleate per one faraday of current. 

9. The conducting constituents in all these cases are, sodi\im ion, small 
amount of simple oleate ion, highly conducting ionic micelle and the slightly 
charged undissociated soap. The undissociated soap moves one third times 
as fast as the ionic micelle and is therefore independent of the latter. Taking 
the values obtained for the constiuents of the soap sols, all the values for curds 
were in accordance with quantitative prediction. Likewise McBain and 
Bowden^s data for potassium oleate are exactly confirmed. In the case of 
potassium laurate however the effective mobility of the undissociated soap 
is rather greater. 

10. The hydration of soap in solution is found to be about ten mols of 
water for sodium oleate, thirteen for potassium oleate and not more than 



MOVEMENT IN AN ELECTHU'AL FIELD 


705 


seventeen for pot assium laurate reckoned in each case per equivalent of total 
soap. 

My cordial thanks are due to my colleague Prof. J. W. McBain for many 
valuable discussions and advice. 

My thanks are due to the ('olston llesearch Society of the University of 
Bristol, the Government Grant Gommittee of the Royal Society and the 
Research Fund of the Chemical Society for grants for materials and apparatus 
which rendered this investigation possible. 
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THE CONCEPTION AND PROPERTIES OF THE ELECTRICAL 
DOUBLE LAYER AND ITS RELATION TO IONIC 
MIGRATION 

BY JAMBS W. MCBAIN 

It is becoming customary in biological and physical literature to express 
electro kinetic phenomena such aselectrodsraosis and the movement of colloidal 
particles in an electric field in terms of contact potential instead of recording 
the experimentally observed quantities. It is evidently not realised how large 
an element of speculation and of personal opinion is thereby introduced and 
that contact potential itself has never been satisfactorily measured, opinions 
varying even as to its order of magnitude. 

All that has ever been observed is the relative movement of solid and liquid 
and the electromotive force which produces the movement or is produced by 
the movement. This statement embraces all four kinds of experiment; 
namely, electroosmosis, electrophoresis, streaming potential, and the elec- 
tromotive force produced by falling powders. Contact i)otential, on the con- 
trarj', is not a matter of observation, but solely of inference. The formulation 
put forward by Miss Laing approaches this whole subject from a ver>' different 
angle, and deals only with the experimentally observed quantities. 

It has been found in all of the work in the Bristol Laboratory that the 
behaviour of ionic micelles as well as their accompanying ions is exactly like 
that of the ions of an ordinary electrolyte*. This involves a freer conception 
of the properties of the double layer which is extended in the preceding paper 
to all charged bodies and surfaces alike. Their properties are expressed in 
terms of mobility and conductivity and the actual charges concerned. 

No one expresses the conductivity and migration of ordinary electrolytes 
in terms of the contact potential differences existing between their ions through- 
out the solution; such treatment being reserved for colloids and surfaces. 
Again in the calculation of contact potential the number of charges is left ouc 
of account, being eliminated with the thickness of the double layer. It is well 
therefore, briefly to review the basis of current conceptions of contact poten- 
tial. 

The fundamental paper upon this subject is that of Helmholtz*, in which 
he synthesised the knowledge then available, and developed the conception 
and mathematical treatment of the double layer, which with slight modifica- 
tions, is still in use. Previous to this he and a number of others had carried out 
experiments to a.sccrtain the thickness of the double layer. Sir W. Thomson 

* McBain: Trans. Farwlay Soc. 9, 99 (1913): KoUoid-Z. 12, 256 (1913); McBain and 
Salmon; J. Am Chem. Soc., 42, 426 (1920); I'roc Hoy. Soc. 97 A, 44 (1920); of. also the 
treatment by Pauh on parallel lines regarding colloidal gold as a free acid. Kolloid-Z. 34 , 
29 (1924). 

* Wied. Ann. 7 , 337 (1879). 
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had pointed out that two layers of opposite electrical charges such as the 
electrical double layer form, in effect, a condenser whose potential should be 
inversely proportional to their distance apart. He had come to the conclusion 
that charges on metals lay o.3Xio~*cm. beneath their surface, and Helm- 
holtz sought to find how far within a liquid the other charge of a double layer 
must lie. In his final experiments, he attached a Daniell cell to two pieces of 
platinum immersed in sulfuric acid carefully freed from gas, and from the 
amount of the mon^cntary current which flowed without causing visible 
decomposition, he deduced that the charge within the liquid must lie one ten- 
millionth of a millimeter or 1 A aw'ay from the platinum surface. This as- 
sumed that no decomposition whatsoever took place, that neither hydrogen 
nor oxygen is sorlx'd by, or dissolves in, or combines with, platinum to even 
an infinitesimal extent. But this is quite contrary to modern views; for 
example, the hydrogen and oxygen electrodes actually give a voltage about 
equal to that of the Daniell cell in place of the 1.23 volts expected, a fact which 
is currently attributed to the platinum l>ecoming superficially oxidised. 
Helmholtz^ conclusion is therefore invalidated, and a much greater thicknes.s 
has to l>e ascribed to the double layer. Further, as Pellat' suggested, this value 
probably ought to he multiplied by the dielectrics constant, which will again 
inc!*ease the thickness by at least eighty fold.^ This latter point seems to 
have escapcxl the notice of most modern writers.^ 

A further consequence' is to diminish in the same' proportion the contact 
potential which Helmholtz and Lamb had deduced from the experiments of 
A\'iedcmann and Quincke; namely, five or ten volts as between a glass tul>e 
or a porous j>ot and an aquc'ous solution in contact with it. Such high values 
seem inadmissible in view of the fact that they greatly t'xceed those between 
the most active elements such as ixitassium and fluorine and aqm'ous solutions 
of th('ir ions, although ('ameron and Ottinger^ published from Halx^'s labora- 
tory as recently as 1909 exjieriments which they assumed to corroborate 
Helmholtz* value of five volts for the glass and water. It should be mentioned 
that, as is apparent from this historical sketch, not only is the contact poten- 
tial diminish<'d and the thickness of the doubh' layer increased eighty fold but 
that the numlier of charges assumed is diminished in like proportion. 

The recognition that the thickness of the double layer [»robably has to be 
increased by jiossibly 100 or 1000 fold, (owing to the faulty basis of Helm- 
holtz^ experimental evidence, as well as the introduction of the dielectric con- 
stant) deprives of its absurdity the assumption made by Helmholtz that the 
whole of the movement takes place within the double layer, and that the laws 
of viscous flow are exemplified within this film if liquid only half an atomic 

* See Perrin: J. Chira. phys., 2, 601 (1904). 

* P. Walden recently obtained a large following for the idea that the dielectric con- 
stant in aqueous solutione of electrolytes might rise even to 14,000 which if so would increase 
the result 14,000 fold. 

*See however Port-er: Trans. Faraday Soc. 16 , Appendix p, 137 (1921); who has 
hesitation in inserting the dielectric constant. 

* Phil. Mag. (6) 18 , 586 (1909). 
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diameter thick. Helmholtz was of the opinion that no slip occurred either 
between liquid and solid or between ions and the solution in which they are 
embedded, and that the whole of the movement is due to ordinary viscous 
flow within the part of the liquid within the double layer and although 
he formulated the effect of slip, he made no use of it. Lamb^ was of the oppo- 
site opinion, but since Helmholtz had been able consistently to apply his equa- 
tion, Lamb concluded that the facility of slip which he re-introduced must be 
of the same magnitude as the thickness of the double layer and so cancels out. 
If now the thickness has to be altered at least eighty fold by allowing for the 
dielectric constant, the argument requires revision. SmoluchowskP in 1914 
could not decide on the basis of the evidence extant whether slip was a serious 
factor or not. Present opinion inclines to the view that slip does not occur. 
Coehn® for example, found that electro kinetic movement of acetone, water and 
propyl alcohol was proportional to the respective coefficients of viscosity. All 
who record their experiments in terms of contact potential make this assump- 
tion. A further argument in support, of Helmholtz^ opinion that slip will not 
occur is that the electric pull upon a monomolecular film of charges is only a 
few grams per square centimetre, whereas adhesives in shear on smooth sur- 
faces such as glass withstand scores or even hundreds of kilograms per square 
centimetre. 

We see that the thickness of the double layer within the liquid is greater 
than the mean distance between ions throughout the lK)dy of an ordinar>' 
solution (for o.iN potassium chloride about 2 mm~2oA). Now comes the 
fact that j)otassium chloride in solution conducts excellently and obeys Ohm’s 
law and that the conductivity of a double layer such as that constituted by a 
particle of the ionic micelle in a soap solution together with its corrc'sponding 
potassium ions is comparaV)le charge for charge with that of potassiuni chloride. 
In both cases, in spite of the laws of electrostatic attraction, all the ions and 
charges are perfectly free to conduct, and no applied electromotive force is 
required to bring them into a conducting condition. These arc exfH'rimental 
facts, although they have not been explained and in both cases the ions must 
be sufficiently far apart for this free movement to occur. The distance separ- 
ating opposite charges will presumably be influenced by thermal vibration 
instead of being a fixed quantity, so that merely an effective mean value can 
be deduced. Hence, the true local values of the contact potential will likewise 
differ from the fictitious effective value inferred in accordance with the 
constantly changing positions of each of the mobile ions of the double layer. 

It may now be pointed out that if the thickness of the double layer he 
taken as about 100 A or lo/i/i, a monomolecular layer of ions two A apart 
would according to the acc(‘pted formulae for condenser8^ produce a contact 


* Report Prit. Assn. Adv. 8<;i., 1887 495. 

®Gratz: “Handbuch der Elektriziliit”, 2, 387. 

*Z, Elektrochemie. 16 , 586 (1910). 

^ The voltage between plates €*= 4Te6 where e« elect, charge, i*«distaTi(*e I rtveen 
plates and D*=dielectric constant. D 
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potential of 56 volts. Now the current tendency under the influence of 
Perrin* is to believe that the contact potential is about one thousandth of this, 
and if so, the conclusion would follow that the number of charges on the sur- 
face is only 0,1% of a monomolecular film, 99.9% being uncovered. If the 
applicability of the formulae l)e question<‘d, it must be remembered that they 
are assumed in each method of calculating contact potential hitherto, and it 
would seem preferable to record the experimental results in the form in which 
they are observed. Of course the dielectric constant neecl not be introduced, 
and the thickness of the double layer may once more taken as i A, a film 
so thin that both dielectric constant and viscosity lose th(‘ir significance, but 
the difference of potential for a complete monomolecular film would still have 
the impossible value of volts and there would still n^inain the interesting 
fact that the observed movements and electromotive forces produced depend 
directly upon the viscosity, arul, as ( oehn^ has showr^ for twenty four liquids, 
u|K)n the difference in diele(*,tric constant of the solid and liquid. 

There are still two directions in which modifications have recently been 
introduced into the conceptions underlying the formulae of H(»lmholtz, Lamb 
and Perrin, (icrman writers are now convinced as a result of Freundlich’s*^ 
experiments that th(‘ contact potc^ntial ofK^rativt? in elect rokinetic phenomena 
f, is not the contact potential ( between the liquid and the solid as a w^hole, 
but that they may differ <*ven in sign. Th(‘ total contact potential e is of 
course that which is measured in det(»rn\inations of electrode potential, but 
it is considered that the greater part of this coni act potf‘ntial resides in layers 
of the solid and stirface of the lupiid that arc' incapable of movement, and that 
only the part of the contact potential jT that correspoiuls to the remaining 
mobile ions of the doulile layer remaining within the liquid takes part in 
electrodsmosis, etc. I'uither (evidence to the same effect is deduced by the 
extK'riments of ( Vx'hn and Billiter, IWelius, and others. 

Although Freundlich givc's diagrammatic curv(*s picturing how the abso- 
lute* i>otential may changt* in passing from the body of the solid to the body of 
the liquid, he does not |)icture or eliscuss any mechanism in terms either of 
actual charges or ions, upon which of course all such potential changes must 
depend. He could for example (see below, Diagiams V to VII ) have envisaged 
in the case w<* have just discus.s<'d, nearly all the charge on the liquid as con- 
sisting of a layer of ions adsorl)ed upon the outside of the solid surface while 
the mobile ions were at distances such as those previously discussed, and the 
layer of adsorl>ed ions need not have IxH'n all of one kind or sign. 

Instead of this, P>eundlich introduces another complication into the 
presumption of viscous flow of the double layer, opposite in nature to that 
introduced by Helmholtz’ and Lamb’s formulation of slip. He assumes a 
layer of immobile liquid of finite depth upon the face of the solid, embedding 
*^part of the slope of potential,” so that only the film of liquid between this and 

* Loc. cit. 

* Ann. Physik. (4) 30 , 777 (1909). 

^ SiUungsber. preuss. .\kad. Wiss. 20, ^7 (1920); Coehn: Ann. Physik. (4) 48 , 
1005 (1915); Borelius: <4) 50 , 447 (1916); Biiiiter: 2 . Elektrocheiiiie, 8, 638 (1902). 
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the mobile ions would be free to move with viscous flow. Probably few will 
follow his suggestion of an immobile layer of liquid if it is to be more than one 
molecule thick. 

To sum up, when experimental results are expressed in terms of contact 
potential, and if these values are intended to possess more than an artificial 
significance, arbitrary assumptions are introduced concerning the nature of 
the flow, slip and immobilisation in excessively thin films of liquid, as to the 
thickness and position and distribution of the parts of the double layer and as 
to the influence of the dielectric constant with regard to all of which opinions 
vary moat widely. It is suflScient also to refer to the calculations of Gouyb 
Wilson^ and Mukherjee® with regard to the ionic equilibria involving the mo- 
bile ions of the double layer, the first emphasising the effects of concentration 
upon the thickness and distribution of the layer of mobile ions and the second 
suggesting the introduction of the Donnan equilibrium (principle of constant 
ionic product in the double layer and bulk of liquid). 

It is helpful at this stage to turn to a few diagrams illustrating the custom- 
ary conceptions which have been described. All the calculations have com- 
menced with the consideration of the behavior of a capillary tube containing 



Diagram I 

Cross-srotion through a capillary tube 
showing the customary conception of a 
monomolecular double layer whose inner 
mobikdons form a complete sheath around 
the liquid in the body of the tube. 



Diagram II 

The customarj' conception of electro- 
osmosis {where no occurs) showing 
the movement and velocity of each part 
of a particular cross-seertion, the dotted 
line moving to the ixisition shown by the 
full line a moment lat-er. 


liquid with a complete double layer, such as is represented in longitudinal 
cross-section in Diagram I, although here the negative charges are placed in 
the outside of the solid surface like adsorbed ions rather than as free electrons 
just within the solid, as in Helmholtz’ conception. 

Diagram II represents the flow produced by an electromotive force in such 
a tube, the dotted line representing any cross-section and the full line the posi- 
tion of the ions and fluid a few moments later, It is seen that the pull is 
exerted solely upon electrical charges and that all the liquid in the centre of 
the tube is pulled bodily along, in Lamb’s phrase, *'as it were by its skin”. The 
diagram shows clearly the assumption made that there is no slip either at the 
walls or between the ions of the solution. The formula usually employed for 

‘ J. Phys. (4) 9, 457 (1910). 

* '^Chemistry of Leather Manufacture,” 128 (1923). 

•Trans. Faraday Soc. 16, 103; but see W. Harrison: 116 (1920-21), 
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the contact potential is that for a condenser of parallel plates and not that of 
concentric cylinders and the percentage error introduced is about one half 
of the percentage ratio of the thickness of the double layer to the radius of the 
tube^ Perrin ^s essential contribution was that if the curve showing change in 
flow for the different parts of the annular space enclosed by the double layer 
could be regarded as a straight line, then the force required to overcome 
viscosity would be inversely proportional to the thickness of the layer just 
like the number of charges in a condenser of varying thickness but constant 
potential. If this were so each definite movement would correspond to the 
same contact potential, no matter how the thickness or number of charges 
were varied. The error introduced by this assumption is e^qual to the ratio 
Ix^tween the thickness of the double layer and the radius of the tube; it is 
therefore negli|2ible for (‘ven a very fine capillary tube hut becomes large for 
membranes whose pores are of colloidal dimensions and for colloidal particles. 
Perriirs other suggestion was that the formation of the double layer was due 
to differences in the size of ions, th(‘ smallest being aV)le to get nearest to the 
walls, but according to his view the phenomena should have been independent 
of the nature of the wall. 

Diagram III rejwesents the stationary state when a constant hydrostatic 
pressure has l)een reached and a balance is obtained with the amount of solu- 
tion flowing back according to Poiseuille^s law. 





Diaukam hi 

The Helmholtr. eoueeption of the 
stationary state where movement clue to 
(‘lectroftsmosis is ju.st balanecd by a 
eount<*r hydrostatic pressure. 



Diacram 1\' 

The Helmholtz conception of the genera- 
tion of electromotive force by solution 
streaming through a capillary tube. 


Diagram IV illustrates the current potential or electromotive force pro- 
duced by pressing the liquid through the capillary. 

The fundamental assumption in all these previous calculations has been 
that the charges, or rather the mobile ions, form an effectively complete 
sheath, shutting off the Ixwly of the liquid in the tube from the annular space 
of the double layer. If this Ix' so, the bulk of the liquid must move along with 
the mobile ions and in a migration experiment the mobile ions would not ap- 
pear to have moved perceptibly relative to the solvent. 


* The expression for the velocity at any point in the annular space asuming viscous 

n . i. . I. klnRi— Inr , ^ . 

now IS of the form v ■« « is a constant, tf the viscosity, Ri the radius 

of the tube, Rs the radius of the inner layer of charges and r the radius of any point within 
the annular double layer. 
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Now Miss Laing has pointed out that this does not represent the facts in 
sols, gels and curds of soap. Also we have seen that on the evidence given the 
layer of mobile ions instead of being a complete moiiomolecular sheath con- 
sists of scanty isolated ions. It is clear that this result can invalidate all the 
customary formulae, as is at once evident if we envisage the extreme case of 
one solitaiy mobile ion somewhere near the wall of a capillary tube. It must 
be some such reason that explains the demonstration that the mobile ions of 
the double layer move with their customar}’ velocity through the solvent, 
which also moves, but more slowly. 






Diagram V 

The conception of sparsely scattered 
mobile ions here advocated; nearly all the 
ions even of a complete monomolecular 
film are sessile and immovable: (N. B. 
There should be at the very most only two 
mobile ions in a lensth of tube one hundred 
and twenty times tnat shown.) 



Diagram VI 

The new conception of electroosmosis, 
two of the sparse mobile ions opfwsite 
each other, the bulk of the liquid being; 
dragged at a slower speed past the walls 
and sessile charges. 


Diagrams V to VII develop a new conception to take account of the spar- 
city of the mobile ions and the facts found by McBain and Salmon with the 
ionic micelle and by Miss Laing with gels and curds showing that both mobile 
ions and solid particles or wall move relative to the solvent. Further, the 
sessile immovable ions may be of opposite kinds, or few, or may form a prac- 
tically complete adsorlied layer; a sessile ion may be balanced by a charge 
within the solid or by a mobile ion in the liquid (compare for example Dia- 
grams V and VI). 

Diagram V illustrates the view here suggested that only a very few' of the 
ions in a double layer are mobile and that all the rest are sessile and immovable. 
Diagram V also shows very clearly the difference between the total or electrode 
potential e (which would be about 0.5 volts if the dielectric constant is 81), 
and the much smaller and ambiguous electrokinetic potential { corresponding 
only to the sparsely scattered mobile ions. The diagram of coui*se retains the 
assumption of no slip and of viscous flow. 

Diagram VI shows electrocismosis where two of the isolated mobile ions are 
taken as being in the same cross-section of the tube, illustrating how the mean 
velocity of the liquid is much less than that of these ions. 

Diagram VII is the counterpart of Diagram III but illustrates the station- 
ary state for sparse mobile ions. After we had worked this out it came to our 
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notice that Debye and have made a similar assumption of visous 

drag of the ions in discussing the conduction of ordinary electrolytes and in 
supporting a value of ^100% for their ionisation. For the sake of cl(?arness we 
have not shown the whole liquid filled uniformly with ions which are often 
closer t(/ each other than the njobile ions are to the w^all; nor have we shown 
how the movements of tlw? liquid is broken up by their conflicting movements 
which on the whole cancels out. 

J. Stock^ has fjublished two papers which are interesting for toth their 
theoretical and exjR^ri mental treatment. He obtained one new and independ- 
ent item of information by measuring the enhanced conductivity shown by 

probably impure nitrobenzene (com- 
mercial distilled from calcium chloride) 
when filled with powdered f quartz. The 
results are only approximate on account 
of the numerous assumi)tions and 
corrtTdions that it was n(*cessaiy to 
introduce but they seem fairly definit(‘. 
Kxperiments with other solvents were 
not very sucec^ssful. 

Stock points out very clearly that 
if Ilelmhfdtz’ theory is assumed as well 
as the current value for the contact 
potential, introducing the dielectric constant it is posvsible by combining thes(» 
with Stock’s own result to calculate the Ihickness of the double laytu*. 
Alternatively, if Lamb’s theory is assumed it is impossible to determiiK' eithiT* 
the thickness of the double layer or the contact potential but instead we 
deduce values for the facility of slip and the number of electrical charges 
involved. 

Proceeding in this way and taking Coehn's value for the contact potential 
0.053 which he confirmed by measurement of the electromotive force produced 
when quartz powTler \vas dropjH'd through a column of the* nitrobenzene, and 
assuming Helmholtz’ basis he deduced the thickness of the double layer 4.5 
IxyL or 45 A from which he further deiluces the mobile ions are 0.5 ju/u apart. 
A further paper^ in 1914 (which I have not succeeded in procuring) apparej^tly 
contains similar measurements w’ith ether and toluene. 

Stock’s re^aults then, w'hich arc the only ones of their kind, seem to corrob- 
orate the view at which we have arrived in the present discussion that the 
mobile ions cover, at any given moment, onh" a small fraction of one per cent 
of the surface. 

If the conception of the double layer with sparsely distributed mobile 
ions is true, two of the assiunptions introduced by Helmholtz and employed 

‘ Physik. Z., 24 , 305 (1923). 

(satne as Anzeiger) Acad. Sci. Cracovie, 1912 A, 635-656; 1913 A, 131-143. 

• An*. Akad. Wias. Krakau, I 9 I 4 A, 95, 



DiAtiKAM VII 

Th(‘ new conception of the 8tatiouar\ 
atat(‘ in clectroiwniosis showing the move- 
ment caused by one of the sparse mobile 
ions. 
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by every subsequent writer are invalidated. These are that in a given capii- 
lar3' tube the velocity of flow depends solely upon the value of the radius, 
V = f (r) ; and secondly that along an5’’ line drawn parallel to the axis the veloo- 

6 v 

ity is strictly constant,-^ =0. 

It is evident that this fundamental subject affords a big field for theoretical 
and experimental elucidation. Fortunately it lends itself to both*. Tliis 
opportunity may be taken to mention that the experimental study of con- 
ducthdty and electroosmosis with surfaces of known dimensions of which a 
verj"^ preliminary account was given in the note of McBain and Darke in r 9 19* 
have been continued without intermission and that we hope to have a body 
of results suitable for publication within a reasonable period. 

Suminaiy 

Our present knowledge of the double layer between liquids and such mate- 
rials as glass, membranes and colloidal particles is reviewed and the numerous 
and conflicting assumptions which have been put forward in calculating the 
“contact potential” are stated explicitly. It is emphasised that the contact 
potentials currently employed have a fictitious significance and it is therefore 
urged that experimental results be recorded in the form in which they are 
observed; namely, movement in an electric field or electromotive force set up 
by bodily movement. 

A conception of the double layer with sparsely distributed nmbilc ions is 
developed which appears to harmonise the existing data including also those 
for absolute electrode potentials and for the Iwhavior of sols, gels and curds 
of soap (cf. previous paper by Miss Laing). If this conception is a true inter- 
pretation of the exi,sting data, the fundamental assumptions made in all pre- 
vious mathematical treatment of this subject are invalid. 

’ For example an explanation has to be found for the fact (originally pointed out by 
Mtiller “Chemie der Kolloide”, p. 42 (1901); compare von Hevesy: Kolloid-Z. 21, 129 
{1917) that ions, colloids and suspensions move at comparable velocities. Again it seems 
probable that the conception of migration of the constituents of the double layer may lead 
to a formulation of streaming potential which may adroit of an experimental decision be- 
tween this and other more orthodox views. 

* Trans. Faraday Soc., 16 , 150 (1920-21). 

* Summarised accounts of this subject, each containing many references are to be 
found in; Freundlich; “Kapillarcheinie” (1922) and partly rewritten 1923, (too pages); 
(Doehn: “Ergebnisse der e^kten Naturwissenschaften” 1, 175 (1922), with 48 references: 
Burton: “Physical Properties of (Jolloidal Solutions]’ (1921), 33 references; Bnggs; “Secona 
Report on Colloid Chemistry”, Brit. Assn. Adv. Sci. (1919), 61 references; also earlier sum- 
maries in Grats, “Elektricitat” (1914), and Wiedemann’s “Elektricit&t” (1907). 
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BLACK AND BLUE* 

BY WILDER I). BANCROFT 


In a recent paper,’ I have pointed out that a possible reason for the appar- 
ent confusion between blue and black at the time of Homer was that blue may 
have been considered unconsciously as an intermediate stage between gray 
and black. I have just stumbled on what. app(*ars to be another case of confu- 
sion between blue and black in an article on indigo’ published over a century 
ago. 

"What Dioscorides calls indicon and Pliny and Vitmvius indicum, I am 
strongly inclined to believe to have be('n our indigo. It was a blue pigment 
brought from India, and used both in painting and in dyeing. When pounded, 
it gave a black powder; and when diluted in water it produced an agreeable 
mixture of blue and purple. It l)elonged to the costly dye-.stuffs, and was often 
adulterated by the addition of earth Everything said by the ancients 

of indicum seems to agre-e irerfectly with our indigo. The prop<»r country of 
this production is India; that is to say, (Judeharot or (lutseherad, and Cam- 
baye or Cambaya, from which it st'cms to have been brought to Europe since 
the earliest periods. It is found mentioned, from time to time, in every cen- 
tury; it is never stK)ken of as a new art.icle. and it has always retained its old 
name; which seems to be a proof that it has been used and employed in com- 
merce without interruption.” 

Beckmann states elsewhere in his article that “I have long made it a rule 
and prescribed it to others, in e.xplaining any object, mentioned by the ancients 
never to admit, without the strongest pr(K)fs, that the same article is denoted 
by different appellations. This, it is true*, has In^en often done. By these 
means the small knowknlge we possess of a thing that occurs under one name 
only may l)e increas<*d. A wider field may t hus be ojrened for conjecture, and 
more latitud(‘ may be given to the imagination ; but at the same time one may 
fall into groundless explanations and hazard assertations, which, with what- 
ever caution and learning proposed, will, on closer examination, be found 
either false or highly improbable. According to this rule, I have carefully 
endeavoured not to suffer myself to be so far misled by the respectability of 
ray predecessors, as to consider the IndicutU and Jndicum nigrum of the an- 
cients to be the same substance. On further research I find that the latter 
not only appears by the epithet to be different from indigo, but that it is 
China, or, as the Dutch call it, Indian ink . . . . 

* This paper is a necessary consequence of experiments supported by a grant from 
the Hecksoher Foundation for the Advancement of Research, estaDlished by August Heck- 
scher at Cornell University. 

' Bancroft: J. Phys. Chem. 28, 131 (1924). 

’Beckmann: “History of Inventions”, 103 (1814). 
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‘Tliny here enumerates all the materials which, in his time, were used for 
black ink. He, therefore, mentions two vitriolic substances, a slime or sedi- 
ment {salsiigo)j and a yellow vitriolic earth (called also misy). Such minerals 
continued in use as long as men were unacquainted with the art of lixiviating 
the salt, and causing it to crystallize; or, in other words, as long as they had 
no vitriol-manufactories. He speaks also of lamp-black being made in huts 
built for the purpose, which are described by Vitruvius, and from which the 
smoke of burning pine-wood was conveyed into a close apartment. The 
article was certainly adulterated when soot, taken from the baths and other 
places where an open fire was maintained with wood of all kinds, was inter- 
mixed with it. It is very remarkable that black from burnt refuse of grapes, 
noir de rngne, which at present our artists, and particularly our copper-plate 
printers, consider as the most beautiful black, was made even at that period. 
Germany hitherto has obtained the greater part, of this article from Mentz, 
through Franckfort, and on that account it is called Franckfort black. Some 
is made also at Kitsingen, Markbreit, and Munich. For this purpose the 
refuse of the grapes is charred in a close fire, and being then finely pounded 
is packed into casks. Pliny observes, that it was asserted that from this sub- 
stance one could obtain a black which might be substituted for indigo. An- 
other pigment was bone black, or burnt ivory, which is highly esteemed even 
at present. Besides these, continues he, there is obtained from India what is 
called Indicunif the preparation of which I have not yet been able to learn; 
but a similar pigment is made from the black scum of the dye pans, in places 
for dyeing black, and another kind is obtained from charred fir-wood finely 
pulverised. The cuttle-fish (sepia) likewise gives a black; but that however 
has nothing to do with the present question. He remarks in the last place, 
that every kind of black pigment is improved, or rather the preparation of it 
completed, by exposure to the sun; that is to say, after gum has Ix^en added 
to that intended for writing, and size to that destined for painting. But that 
which was made with vinegar was more durable, and could not be easily 
effaced by washing. All this is ver\' true. Our ink acquires a superior quality 
when exposed to the light of the sun in flat vessels. That vinegar renders 
black colours faster, is well known to our calico-printers; and those who wish 
to have good ink must employ in making it the brightest vinegar of beer. It 
is equally true, that every black pigment mixed up with gum or size can be 
sooner and easier washed out again with water. 

'*A considerable part, of what has hitherto l^een quoted from Pliny, may 
be found also in Vitruvius. The latter, in like manner, mentions huts for 
making lamp-black; he speaks also of ivory-black, and says expressly, that 
when it is properly made it not only forms a good colour and excellent ink, 
but approaches very near to Indicum. 

‘'Now I might here ask, whether it is at all probable that the learned Pliny 
and the practical connoisseur of painting, the architect Vitmvius, could 
consider and describe our blue indigo as a pigment which, like lamp-black, 
could be employed as a black colour and as ink? Is it credible that Pliny, if 
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he meant blue indigo in the before-mentioned passage, would have said that 
he was not able to learn the preparation of it, when he expressly describes it, 
as he believed it to be, in the course of a few lines further? Would Pliny and 
Vitruvius, had they been acquainted with black indigo only, remark immedi- 
ately after, that, when costly indigo could not be obtained, earth saturated 
with woad, consequently a blue earth, might be us(»d in its stead? Is not allu- 
sion here made to a blue pigment, as was before to a black one? Is it not 
therefore evident, that the name of indicurn was given to a black and also to a 
blue pigment brought from India? And if this b(* the case, is it not highly 
probable that the black indicurn was what we at present call India ink, which 
approaches so near to the finest ivory-black, and black of wiru* lees, that it 
is often counterfeited by thes(‘ substances, a fireparation of which is frequently 
sold as Indian ink to unwary purchasers? Indian ink is in geiuTal use in 
India, and has been in all probability since* the earliest ages. In India all 
artificial productions are of very gre^at antiquity; and therefore I will venture 
to say, that it is not probable that Indian ink is a new invention in India, 
although it may probably have been improved, and particularly by the 
('hines(\ 

**To confound the* two substances, however, (‘ailed indigo (indicurn) at 
that peri(Kl was not possibhs as every painter and (healer in colours would 
know that then* were two kinds, a blue and a black. It has, nev(*rtheless, 
occurred to me, tliat in the works of the ancients obscurity may have somc*- 
times been avoid(‘d by the addition of an (*pithet; and I once thought I had 
fotind in Pliny an instance of this foresight ; that is, where h(* names all kinds 
of purpurisfiiim, Indicurn ceruleum, melinum, a uri pigment utHy 

cerussa, 1 conceived that in this passage our indigo was distinguished from 
the black indicurn by the epithet c^ruleum. But my joy at this discovery was 
soon damped by Hardouin, who places between Indicurn and ceruUum a 
comma, which is not to 1 k) found in many of the oldest and best editions. 1 
cannot, therefore, get rid of this comma; for it is beyond all dispute that 
ceruleum was the common appellation of blue copper ochre, that is, mountain 
blue. I shall now proewd to examine whether my observation be true, that 
the Gr(*eks frequently usi'd the term black indicximy when they meant to 
denote the black, and not the blue. 

**The term nigrum Indicurn occurs in Arrian, Galen, Paulus, Aegineta, 
and perhaps in the works of other Greek physicians; and as the Latin writers 
w'ere acquainted with an Indicurn which dyed black, there is reason to con- 
jecture that this was the Indicurn nigrum of the Greeks, though I should 
rather be inclined to translate this appellation by the words Indian black, in 
the same manner as we may say Berlin blue, Roman red, Naples yellow, 
Brunswick green, Spanish brown, etc; or I should as readily translate it 
Indian ink. Arrian introduces it along with other Indian wares. I do not 
indeed find that he makes any mention of indigo properly so called; but a 
complete catalogue of merchandise is not to be expected from him. Indicurn, 
however, occurs once more in this author; but in the passage where it is found 
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it is only an epithet to another article. Speaking of cinnabar, he adds, that 
he means that kind caUed Indian, which is obtained from a tree in the same 
manner as gum. I am inclined to think that he alludes to dragon's blood, 
which on account of its colour was at that time called cinnabar. 

*^Some have conjectured that what in Arrian is named laccoa chramaHnoa 
was our indigo, which indeed might be classed among the lakes, according to 
the present meaning of that word. Others, however, understand by it gum lac. 
But I am unacquainted with any proofs that gum lac was known at so early 
a period. I much doubt whether this meaning of the word lac be so old; and 
I must confess that the opinion of Salmasius appears to me highly probably, 
namely, that Arrian alluded to a kind of party-coloured garment. For, be- 
sides the grounds adduced by Salmasius, it deserves to be remarked, that in 
the passage in question different kinds of cloths, and no other articles, are men- 
tioned. Besides, the epithet chromatirws is applied by the same writer, in the 
same sense to other kinds of clothing. It cannot, therefore, be said that 
Arrian mentions our gum lac, the origin of which word Salmasius endeavours 
to discover. 

^In the works of Galen, which have not yet been sufficiently illustrated, 
I have found Indicim nigrum only four times. In a place there he si3eaks of 
diseases of the eyes, he extols it on account of its cleansing quality; and says 
it can be used for wounds, when there is no inflammation. In another place, 
it occurs in three prescriptions for eye-salves. I have however endeavoured, 
without success, to find in this excellent writer an explanation of what he calls 
IndicuM] though he has explained almost all the different articles then used 
in the materia incdica. It appears, therefore, that the Greeks gave the name 
of Indicum to our indigo, and also to Indian black or Indian ink. 

‘^•It, however, cannot ]yc denied that, in opposition to this opinion, consid- 
erable doubts arise. Many who think that the black indigo (nigrum hidicum) 
of Pliny and Vitruvius was not ink, but our indigo, remark, that things of a 
dark blue or dark violet colour were by the Greeks and the Romans frequently 
named bJack; and, therefore, that the blue indigo might in this manner be 
called black. But the examples adduced as proofs are epithets, applied by 
the poets to dark-coloured flowers. Because nature produces no black flowers, 
the poets, who are fond of ever>i,hing uncommon, extraordinary, and hyper- 
bolic, call flowers black, when they are of so dark a tint as to approach nearly 
to black. Thus clear and deep water is called black. It is, however, hardly 
credible that painters and dyers, who must establish an accurate distinction 
between colours, should have spoken in so vague a manner. Salmasius sus- 
pects that Nil and Nir, the Arabic names of Indigo, have arisen from the 
Latin word niger, 

*^The objection, that Paulus Aegineta, the physician, in a passage where 
he refers to Dioscorides for the medical virtues of Indicum^ applies to it the 
epithet black, seems to have more weight. It may be added also, that the 
virtues, in general, which Galen ascribes to the Indicum nigrum, appear to l>e 
similar to those ascribed by Dioscorides to Indicum] and the latter in one 
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place, where he speaks of the healing of the wounds, uses only the expression 
Indicum, and not Indicum nigrum. It is particularly worthy of remark that 
Zosiraus, the chemist, declares the hyacinth colour of the ancients, that of 
woad, and the Indicum nigrum, to be the same or similar. But to those who 
know on how slight grounds the ancient physicians ascribed medicinal quali- 
ties to many substances, it will not perhaps appear strange, that, in conse- 
quence of the same name, they should ascribe the same qualities to two differ- 
ent things. It is not improbable that in cases of external injury, for which the 
Indicum nigrum was recommended, indigo and Indian ink might produce as 
much or as little effect. I should consider of far greater importance the opinion 
of the chemist Zosimus; but unfortunately his writings have not yet been 
printed. The period in which he lived is still uncert,ain, and it is not known 
whether all the chemical manuscripts which bear that name were written by 
the same author. 

“From what has l>cen said, I think it may, at any rate, be inferred, that 
in the time of Vitruvius and Pliny indigo, as well as Indian ink. was procured 
from India, and that both were named Indicum. It is less certain that the 
Greeks called indigo Indicum, and Indian ink Indian black. Nay it appears 
that indigo, on account of the veiy dark blue colour which it exhibits both when 
<lry and in the state of a saturat<‘<l tincture, was often named Indian black.” 

It is interesting to note that the shading of blue into black is not unknown 
in the dye industry. Knecht, Rawson and IvoewenthaP state that naphthol 
black B dyes wool from dark blue to deep black, while Ganswindt'* points out 
that the black acid colors do not give a pure black on silk but dye a very dark 
blue even when used in fairly high concentrations. F-ven in this case there is 
some question as to the actual color for Matthews’ says that “the a(!id dyes 
are principally used on silk for the production of fancy colors; the black acid 
dyes, though largely us(h1 on wool, have but little u.se on silk as it is not possi- 
ble to produce a.s satisfactory a black with them as with log\vood. The black 
acid dyes do not seem to properly fill the filwr so as to make it opaque to light, 
in consequence of which the color exhibits a slaty apjx'arance, while with log- 
wood (by reason of the relatively large amount of pigment mordant employed) 
the filwr is rendered opaque and the color produced is a full rich black.” 

('omell Vniven/Uy. 

* "A Manual of Dyeing”, 558 (1910). 

* “Theorie und Praxis der modemen FArberei”, II 44 («903t 



SOME PHYSICAL^HEMK^AL PROPERTIES OF MIXTURES OF 
ETHYL AND N-PROPYL ALCOHOLS 

BY GEORGE S. PARKS AND JULIUS RAE SCHWENCK 

In recent years the concept of an ideal or ‘^perfect solution** has become 
prevalent. Such a solution is one whose properties may f)e expressed in terms 
of the fractions of the components and the original properties of the pure 
substances b}^ means of simple laws. Thus, in an ideal mixture of two liquids, 
the components should be miscible with one another in all proportions; the 
partial pressure of each component should follow Raoult’s law^; and the 
volume and heat content of the resulting mixture at any temperature should 
be the sum of the volumes and the heat contents of the pure substances used 
— in other words, there should be no volume change or heat effect on forma- 
tion of the mixture. 

From a priori considerations it would seem that mixtures of ethyl alcohol 
and normal propyl alcohol should closely approximate to these requirements. 
The two components involved are neighboring members of a homologous 
series and due to this close chemical relationship are v(*ry similar in (‘ertain 
important physical properties, as the following table will indicate. 

Table I 

Dielectric Capillary Anwociation Internal Pressure* 

Constant^ Constant* Factor- Winthcr Traube 

C2HfiOH 25.8 1.083 2.74 2030 2160 

CsHtOH 22.2 1.234 2.25 1 900 1 800 

The relatively small differences in the dielectric constants and the com- 
parable values for the capillary constants and association factors indicate that 
the two liquids are about equally polar. Also the internal pressures, calculated 
by Winther from optical properties and by Traube from surface tension and 
van der WaaPs “a** and “b**, are of the same order of magnitude. All these 
factors — chemical similarity, equal polarity, and comparable internal pressures 
— would lead us to suspect that this pair of liquids might form solutions which 
would be almost "'perfect**. 

Up to the present time, however, only very scanty experimental evidence 
on the subject has been available. Bose^ has determined the heat effect at 
2i°(/ for the formation of solutions containing 49.6% and 32.9% (by weight) 
of ethyl alcohol and found the values — .125 cal. and - . 140 cal. respectively 

* G. N. Ixjwis: J, Am. Chom. See. 30 , 668 (iqo8) 

* Abegg and Seitz: Z. physik. Chem. 2Q, 242 ( 1899). 

* RaniHav and Shields: Z. physik. Them. 12, 468 (1893). 

* Hildebrand: J. Am. Chem. 80c. 38 , 1459 (1916). 

* Bose; Gottingen Ges. Naehr. 19 C 6 , 333. 
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for the heat of mixing p(*r gram of solution. These small values were almost 
within the limits of his experinumtal error and in a second publication^ he 
briefly dismisses the subject with the statement that the heat of mixing of the 
alcohols studied (i.e. methyl, ethyl, and n-propyl) was approximately^ zero. 

Recent specific heat determinations^ on ethyl alcohol, n-propyl alcohol, 
and an equi-molal mixture of tin* two indicated that, within the limits of 
experimental error, the pure substances retain their original heat capacities 
after formation of the equi-molal mixture — a property of p(*rfect solutions. 
These* two researches seem to provide* the only information applicable to this 
interesting binary system and it was for this reason that- the work describeul 
in the present paper was undertaken. While the results obtained are of only 
moderate accuracy, it is felt that the* absence of any similar data renders their 
publication desirable. 


Experimental 

Purification of Substances, A good commercial grade of ethyl alcohol 
was dehydrated by a prc'liminarv distillation over lime in the ordinary manner, 
followed by a s(*cond distillation over a small quantity of calcium metal. The 
resulting product was carefully fractionated and the middle portion, about 
6o^’v' of the total, was s(d(*cted for use in the following experiments: 
o 78540, which corresponds to q()A)Ko ethyl alcohol according to the U. S. 
Hureau of Standards tallies."* 

The normal propyl alcohol was obtained by a similar process from a sample 
of ‘^refined'’ (‘ornmercial product, initial boiling point (\ After dis- 

tillation with lime, with im'tallic calcium, and fractionation, a liter of the 
original mat (‘rial yield(‘d 575 cc with a density of 0.8004. correspemding to 
about 095 4^/( alcohol on the basis of Brunebs^ value of 0.7998 2$°/ 4^ for 
lOo^^Y and the variation per of wrater of 0.0026 obtained from Landolt- 
Bornstein-Roth\ 

Determination of heat of miring. The alcohols thus prepaivd were used in 
making a series of seven mixtun^s, wdiich varied systematically in steps of 
approximately 12.$% of (‘ach component. Thus the first mixture contained 
by weight 87.5 o^>J of ethyl alcohol and 12.50^^ n-propyl alcohol; the 

s('cond mixture, 74 . 959 (f ethyl and 25.07^/r propyl, etc. Alx)ut 100 cc of each 
mixture w^as made up. 

In the course of the preparation of these solutions the hc^at of mixing w-as 
determined at 2 5^(\ This was accomplished by placing the proper weight 
of the component which w^as to be present in greater quantity in any particular 
case in a half-pint Dewar jar, equipped with a calibrated Beckmann thermo- 
meter, a stirrer of the propeller tyjie and a tightly-fitting cork cover to exclude 

* Bose: Z. physik. ('Jhem., 58 , 611 (1907). 

®Gil>son, Parks and Latimer • J Am. Chem. Hoc. 42 , 1542 (1920). 

* U. S. Bureau of Standards. Scientific Paper, No. 197 (i9i3\ 

* Bnmel, Crenshaw and Tobin: J. Am. Chem. Soc. 43 , 574 (1921). 

* Landolt-Bdmstein-Roth: Tabellen, p. 507 (1912'!. 
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moisture. The required weight of the other component was then placed in a 
half-pint Dewar bottle also equipped with a calibrated Beckmann thermo- 
meter, the zero of which was checked daily with that of the Beckmann in 
the jar. 

When the two liquids had reached approximately the same temperature, 
that in the bottle was quickly poured via a thistle-tul)e lead into the Dewar 
jar which served as the calorimeter, the mixture was stirred for two minutes 
at a rate of 8'o R.P.M. and then allowed to stand for a similar period after 
which the final temperature was taken. By at once repeating the stirring and 
waiting interval and again reading the Beckmann, the temperature correction 
due to stirring, heat exchanges with the surroundings, etc. was obtained. The 
corrected temperature change was then used for calculating the heat effect 
in producing one gram of the solution under consideration. This calculation 
was made in the usual way, using 6.0 cal. as the heat capacity of the calori- 
meter and .582 and .570 cal. as the specific heats at 25®(\ of pure ethyl and 
pure propyl alcohol respectively. The heat capacity of each mixture was 
taken as the sum of the heat capacities of the pure components, a procedure 
w^hich the work of Gibson, Parks and Latimer had shown to be justified. The 
results are given in Table II. 


Table II 


Heat of Formation of the Mixtures at 25® 


Liquid 

% CjHaOH 
by weight 

Mol. fraction 
of CiViOE 

Heat of mixing 
p<»r gram of 
mixture 

in calories 
per mol of 
mixture 

I 

100.00 

1 .000 

— 



2 

87 so 

.902 

— .036 

~-r 7 

3 

74 gs 

•706 

— 058 

-2.8 

4 

62 .40 

,684 

- .079 

~4 0 

5 

50.02 

.566 

— .002 

- 4.8 

6 

37-49 

•439 

— 089 

-4.8 

7 

25.00 

303 

— .078 

““ 4-3 

8 

9 

12.54 

0.00 

.158 

.000 

- -054 

~ 3 -T 


The numbers given in the first column to the various liquids are for con- 
venience in reference in stibsequent pages of this paper. Thus, when we men- 
tion ^^liquid No. 4’’ for instance, we shall be referring to the solution containing 
62.40% (by weight) of ethyl alcohol. The process of forming the various 
solutions took place witli the absorption of heat and the values in calories for 
the production of t gm. and i mol of mixture are given in columns 4 and 5 
respectively. It will be noticed that our value for liquid No. 5 is — .092 cal. 
per gram of mixture, while Bose obtained — . 125 for an almost identical con- 
centration. Certainly it is evident that the heat effect is very small throughout 
the entire range of concentrations — an indication that we are dealing with 
solutions that are not far from perfect. 
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Densities and Refractive Indices. The densities of the liquids thus made 
up were next determined in the usual manner, using a specific gravity bottle 
of about 50 cc capacity. Corrections were made for the buoyancy of the air, 
and the final values appear in the second column of Table III ; thf‘y are prol> 
ably accurate to th(» extent of ± 0001 gm. pt^r cc. For purposes of comparison 
determinations were also run on samples of the pure alcohols after they had 
been put thru the stirring pro(;ess, e‘tc. in the Dewar jar described in the pre- 
vious section. This was done because it seemed inevitable that the samples 
would absorb traces of moisture during such a calorim(‘tric procedure and we 
desired to have all our liquids in as comparable a condition as possible. 

The refractive indices for sodium light were then determined with a Zeiss- 
Pulfrich refractometer, the method of Moon*’ for temperature measurement 
being employed. This ingenious method obviated all necessity of using ther- 
mostatic devices and permitted us to (express our results for the standard 
temperature of 


Table 111 


(Temperature, 25°C) 


Liquid 


Density 

Hofraotivo Index 


Cah’iilatiMl 

Oliserved 

('’aleiilated 

1 

2 

0.7863 
0 7886 

0 7882 

I 3590 

I .3619 

I 3620 

3 

0 7004 

0 . 7901 

I 3649 

> 3651 

4 

07923 

0 7921 

1 3681 

1 3681 

5 

0 7042 

0 7940 

1 3712 

I 3712 

0 

0 7q6i 

0 7959 

I 3742 

1 3742 

7 

0 7979 

0.7979 

I 3772 

' 3772 

8 

0 8000 

0 7998 

J 3^03 

1 3803 

0 0.8018 

In the formatic'n of 

I 

a perfect solution the re.sulting volunn* should l>e equal 

to the sum of the original volumes of the components involved, 

or in terms of 


densities the relationship is 


TOO 

T) 


di 


where di and da are the densities of the components in the pure state, Pi and 
P2 are their corresponding wtdght piTcentages in the resulting solution and D 
is the density of the solution. Using this equation, wt obtained the calculated 
densities appearing in column 3 of the preceding table. These values average 
less than .03% lower than the oliserved densities of column 2, and this fact 
indicates that the original assumption of •fidealness'’ for these alcohol mix- 
tures is very close to the truth. 

The refractive indices of the pure alcohols iliflFcr by only .0243 and the 
densities by .0155; hence it was not considered wort^h while to apply the 


1 Moore: J. Phys, Chein, 25 , 281 (1921). 
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relationship of Lorentz and Lorenz^ to this set of liquids. Instead the refrac- 
tive indices appearing in the fifth column were calculated by the simple equa- 
tion 

loo n = Pini+p2n2 

where ni and 112 are the indices of refraction for the pure liquids, Pi and P2 
being their respective weight percentages in any given solution. Comparison 
of these calculated values with the observed shows that for this system the 
procedure is fully justified. The straight line relationship betw(^en the index 
of refraction and the weight composition of the solution, coupled with the 
fact that only an extremely small quantity of liquid is required for the measure- 
ment, renders this an excellent analytical method for determining the compo- 
sition of an unknown mixture of the alcohols. The instrument used could be 
easily Jead with an accuracy of ± i minute, while the two pure alcohols 
differed by 4^22' ; hence analysis to better than 4^/^ is feasible. 

Viscosities, Next we ran the viscosities for all the liquids, using an Ostwald 
viscosimeter in a 2 5® C. thermostat, regulated to 005®. The value of o . 00893 
d>Ties per sq. cm., as obtained by Hosking^ was assumed for the water which 
was usihI in standardizing this instrument. The time, measured by a stop- 
watch, averaged around 100 seconds and thus limited the accuracy of these 
results to ± .00003 dynes per sq. cm. 

Table IV 

Viscosities at 25° C (in d\mes per sq. cm.) 


Liquid 

I 

Oh.sorved values 

.01090 

('alculatcd 
(Kendall’s equation'i 

Calculated 

(Ix)ganthmic 

equation) 

2 

.01169 

.01157 

.01151 

3 

•01233 

.01231 

.01221 

4 

.01319 

.01314 

.01299 

5 

.01408 

.01404 

.01387 

6 

.01522 

.01506 

.01488 

7 

.01640 

.01621 

.01604 

8 

9 

■01759 

.01897 

.01750 

.01738 


The viscosities as determined range from .01090 for ethyl alcohol to 
.01897 for the propyl and, while there seems to bt' no really satisfactory 
equation for the viscosities of mixtures, the system under consideration pro- 
vides a means of testing out two of the more promising relationships, Accord- 
ingly, in column 3 of Table IV appear the values calculated by U8(? of the cul)e- 
root equation suggested by KendalP: 

* Nemst: Theoretical Chemistry, p. 114 (1923). 

* Hosking: Proc. Roy. Soe. N S. Wales, 43 , 37 (1909). 

* Kendall: J. Am, Chem. Soc. 42 , 1776 (1920). 
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where and ri2 are the viscosities of the pure components and Xi and X2 
are their respective mol fractions. The logarithmic relation, 

log ry = xi log 7/1 -fxo log tjs 

was also tried and the results obtained appear in the last column. It is evident 
from the data that Kendairs equation is better throughout the* entire range of 
mixtun^s, being on the average about 65^/?, low while the latter is 1 .6% low. 

Boiling Pidni mid Distillate Composition, The boiling f)oints of the various 
li<iuids were determined to the iK^arest o i®. This wa«5 accomplished by plac- 
ing a 25 cc sample in a small distilling flask fitted with a condenser. Th<' 
liquid W'as gradually brought to boiling and, at the time of deliveiy of the 
first drop of distillate, the temperature was read by a calibrated mercury 
thermometer, graduated to o i°C. When about i cc of distillate had passed 
over, the process was stopped and the composition of this distillate determined 
by ineasurem(mt of its refractive index. The experimental results appear in 
columns 2, 3 and 4 of the following table. 

Table V 


Boiling points and Distillate Composition. 
Barometer, 761 mm 


liiiiuid 

Boiling 

Point 

(\iwn 

hv ^pight 

in distillate 

Mel fraction 

Partial Pressure 
of 

Observed Calculated 

I 

0 

00 

100 0 

I 000 

761 

762 

2 

79.8 

93 0 

.946 

720 

726 

3 

81 4 

86.0 

.886 

674 

678 

4 

83 I 

77-4 

.813 

619 

622 

5 

85 0 

68.8 

•738 

562 

555 

6 

87 I 

58 3 

.641 

488 

467 

7 

89.3 

43-5 

•499 

380 

351 

8 

92.7 

22 3 

. 269 

205 

207 

9 

97-2 

0.0 

.000 

0 

0 


In the fifth column we have the partial pressures of ethyl alcohol in the 
various solutions com|)Uted from the observ^ni total pressure (761 mm) and 
the mol fraction of ethyl alcohol found in the distillate; while in the next 
column an' insert<*d for purposes of comparison the values calculated by th<' 
use of Raoult’s law. For obtaining these latt(T results it was necessary to 
have the actual vapor pressun* of pure ('tliyl alcohol at each of the observed 
temperatures. This was found by plotting on large coordinate paper the 
pressures and temperatures as given by the Landolt-Bornstein-lloth Talx'llen 
(page 387) and then reading off* from such a graph the pressure corresponding 
to the observed boiling point of each solution. 

7 'otal Pressures and Partial Pressures at 25® C, The composition of the 
vapor phase in equilibrium with the solutions at 2 5°(\ was determined. This 
was accomplished by passing air (freed from water and carbon dioxidtO 
through a pair of bubblers, each containing about 20 cc of the mixture under 



726 


GEORGE S. PARKS AND JULIUS RAE SCHWENCK 


consideration. The bubblers were immersed in water baths kept within of 
25®C; closer temperature control is not necessary as the percentage composi- 
tion of the vapor phase changes very little between 25® and the boiling point. 
The air thus saturated with the vapor of a mixture was then passed thru a 


Table VI 


Ethyl Alcohol in the Vapor of the Liquids at 25® C. 


Liquid 

% by weignt 

Mol fraction of Cj! 

I 

lOO.O 

1. 000 

2 

92.6 

.942 

3 

87.5 

.902 

4 

79-3 

.833 

5 

7 I-S 

.767 

6 

60.3 

.662 

7 

45-5 

.521 

8 

27.0 

.326 

9 

0.0 

.000 


A A 



i 


4 / 





condensing tube immersed in liquid air; the alcohol 
separated out as a solid glass on the walls of this tul>e 
and, when about i ec of distillate had been collected, 
was analyzed by the refractometer method previously 
described. The results appear in Table VI. 

Our intention had been to detemiine also the total 
pn\ssure of each liquid in the series but this measurement 
was postponed to the very last. Press of other work 
delayed us for about a year and then, as it seemed 
possible that the original mixtures might have undergone 
some change or contamination during the interval, a new^ 
set of four solutions was made up specially for this phase 
of the work from the pure alcohols*. 

The difference between the total pressure of the ethyl 
alcohol and each other liquid in this new series was 
determined by a differential method, utilizing a glass 
apparatus similar in form to the accompanying diagram. 
Ethyl alcohol, as the reference substance, was placed in 
the side-arm Ai which was closed at the top by a tested 
stopcock Si while the other liquid was placed in the arm 
A2, being poured in via a similar stopcock S2. The lower 
end of the apparatus at C was connected by pressure 
tubing with a mercury reservoir which could be raised or 
lowered as desired and which was carefully manipulated 
so that at all times the level of mercury was well above 


‘ For the preparation of these new solutions and the subsequent measurement of 
their respective vapor pressures, we are indebted to Mr. O. H. Lovekin of this laborntor>\ 
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the fork B and thus the two liquids were kept entirely separate. The 
procedure was to introduce by the two stopcocks 5 cc. samples into each 
arm of the apparatus, then to lower the mercury rest^rvoir until a small 
vapor phase was produced and wait a few minutes. Durinp this time much 
of the air dissolved in the liquids was evolved and could be forced out of the 
apparatus b\ raising the mercury level and simultaneous!}" opi^ning the two 
stopcocks to permit of its escape. By repeating this operation two or 
three times all the air originall}" in the samples could easily be removed. 
Then the mercury reservoir was so adjusted as to permit the existence of a 
small vapor phase and the difference in mercury levels in the tw"0 tubes 
was measured by a cathetometer at quailer-hour intervals, the temperature 
registered by a thermoiiK'ter filaced lietw^een the two arms being noted at 
the time of each reading. (Corrections, when necessary, were made for any 
differences in the columns of alcohol liquid in the two arms. Thes<^ 
measurements wen' all made in a .small room in which the temperature 
could Ih» kept very close to 25® C and any departiire from this standard 
point (seldom more than a few tenths of a degree) could be ea.sily corrected 
for by a rough detf'rrnination of the rate of change of this pressure difference 
with temperature in each particular cast'. 

Regnault’s value of sg.o mm. as corrected by Bunsen^ w’as taken as the 
vapor pressure' of the ethyl alcohol and, by means of the differences measured 
in the manner just described, the vapor pressure of each of the five remaining 
li(juids wa.s computed; the re.sults appi'ar in the follownng table, column 4. 


Table VII 

Data for New Set of Mixtures 


Li(]uiil 

Mol fraction of 
('jlhOH in liquid 

Mol fraction of 
C'allftOH HI vapor 
phase 

\'apor pressure of 
liquids 

Experimental '‘Ideal” 

I 

I .000 

1 .000 

59 0 (assumed) 

A 

.836 

.924 

53.0 mm 53.1 mm 

B 

.656 

.823 

47.5 46.7 

C 

•459 

.678 

40.4 '' 39-7 '' 

D 

.241 

.440 

32.3 31-8 

9 

.000 

.000 

23 .2 


The values (column 3) for the composition of the vapors in equilibrium 
with these new solutions were not detennined directly but were obtained 
graphically from a smooth curve representing the data of Table VI. In this 
sense they are really experimental and, when multiplied by the corresponding 
total pressures for the various solutions, give us the observed partial pressures 
of ethyl alcohol appearing in column 2 of Table VIII. The observed partial 


Landolt-Bdrnstcin-Roth: Taballen, p. 586 (1912). 
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pressures of normal propyl alcohol were obtained in similar fashion. The 
“ideal” pressures in all cases were derived on the assumption of Raoult’s law; 

Pa = NaPa 

where pa and Na are respectively the partial pressure and the mol fraction of 
component A in a given solution and Pa is its vapor pressure in the pure state. 

Table VIII 

Partial Pressures of the Components at 25®C. 


T.iquid 

Partial pressure of C2F«OH 

Partial pressure of CjFtOP 


Observed 

Ideal 

Observed , 

Ideal 

I 

59 . 0 mm 


0.0 mm 


A 

49 0 


49.3 mm 

4.0 

yy 

3 , 8 mm 

B 

39 I 


00 

CO 

8.4 

yy 

8.0 ” 

C 

27.4 

yy 

27.1 

130 

yy 

12.6 ” 

D 

14.3 

yy 

14.2 

18.0 

yy 

17.6 ” 

9 

0.0 

yy 


23,2 

yy 



It will be noticed that on the whole the values derived from our experi- 
mental data are somewhat higher than those called for on the assumption 
that we are here dealing with ideal or perfect solutions. This deviation, 
however, is the usual one when heat is absorbed on the formation of a mixture 
from the pure com[)onents. 

The Entropy of an Ecfui-Molal Mixture, In this connection it is interesting 
to check up on an assumption made by Gibson, Parks and Latimer. They 
needed the entropy change for the process 

1/2 mol EtOH+i / 2 mol PrOH = i mol of mixture 
and, ill the absence of the proper data, obtained the vahn* i 37 cal. p('r degree 
by assuming that the two alcohols form a perfect solution. 

We now are in a position to calculate the entropy change by means of the 
thermodynamic equation 

AF-AH-TAS 

By plotting our figures for the partial pressures of the two alcohols against 
the corresponding mol fractions, drawing smooth curves and reading from 
these the partial pressures of each in an (‘qui-molal mixture, we obtain 29.8 
mm and 12.2 mm as the respective values for ethyl and n-propyl alcohols. 
From these AF, the free energy change at 2 5'^(' for the above process, can be 
found: 

AF„.c = 298R[^ln^+|ln— ] = -393 cal. 

590 23.2 

Then from our data on the heat of mixing, wo obtain 5 oal. as the increase in 
heat content for the production of the mol of mixtuix'. Hence, ASas.c = 

^^^^^ = 1-34 cal. per degree, a result alnio.st identical with that calculated 
298 

on the assumption of an ideal solution. 
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Summary 

Reviewing the results of the various measurements, we find that 

(1) A very small heat absorption (in no case more than 5 calories per mol 
of resulting mixtun;) takes place on formation of the several solutions. 

(2) An extremely small volume shrinkage — on the average only .025'/'^ 
— accompanies the process. 

(3) The refractive indices of the various liquids are practically a straight 
line function of their weight compositions. 

(4) The observed viscosities for the various solutions exhibit on the aver- 
age a positive deviation of 2/3% from Kendall’s “cube root” equation. 

(5) The partial preasures of each conqwnent as calculated from the ex- 
perimental data at 25® (' are in general slightly higher than those called for 
on the basis of Raoult’s law. 

Judging thp.se fads as a whole, we may conclude that the system under 
consideration is almost “perfect”. 

DeiMrtmml of Chrmixlrii 

Stnnfurd Vnivcm’.y, ('ahfornia 

March 10, lOil 



THE OPTICAL INACTIVITY OF THE ACTIVE SUGARS IN THE 
ADSORBED STATE:— A CONTRIBUTION TO THE CHEM- 
ICAL THEORY OF ADSORPTION, I 

BY SHANTI SWARUP BHATNAGAR AND DASHARATH LAL 8HRIVASTAVA 

There are at present three well-known theories regarding the mechanism 
of protective action of colloids: 

(1) That the protecting agent concentrates at the interface of the colloid 
particles and the dispersion medium according to Gibbs-Thomson law, and 
fonns a mechanical envelope round them, thus protecting them from coales- 
cence. Familiar examples of this kind of action are emulsions prepared from 
oil and water with the aid of soaps as emulsifying agents. 

(2) . That the protecting agent on adsorption by the colloidal particles 
increases the density of the charge on them and thus confers greater stability. 
Protection by similarly charged coUoids fall in this category. 

(3) . That on account of the chemical affinity the protecting agent and the 
colloid particles join hands as it were and acquire greater stability. Zsig- 
mondy^ has given a very beautiful example of this in the case of gelatin ad- 
sorbed by gold foil. 

The fact that sugars have protective action is well-known. They art* gen- 
erally used as peptising agents^ and it is therefore interesting to know as to 
which of these theories can explain the mechanism of the protective action 
of the sugars satisfactorily. 

*A priori' it is clear that the application of the second theory is not probable 
as sugars in aqueous solutions do not exist as charged particles, and thus the 
choice would fall between the first and the third theories. If the protection 
is a purely physical phenomenon then the optical rotation of the solution 
mixed with sugar would be as follow^s;— 

Ivet the original rotation of the sugar solution be jS, and further let ‘a' c.c* 
of this be diluted ^ith ‘na' c.c. of a collodial solution where n is a positive 
integer. Then on Beer's law, 

Q 

the new rotation /3' x ( i ) 

n+i 

where x denotes the rotation corresponding to the 
decrease in the effective length of the polarimetric 
tube, due to the presence of suspended particles; 
1 : is a factor which is determined experimentally as described later on. 

1 ^The Chemistry of Colloids, 112 (1917). 

* Bancroft: Second Colloid Chcra. Rep. Brit. Assn. 1919 , 2. 
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If however, chemical forces as postulated by Zsigmondy and Langmuir are 
operating, the optical rotatuin of the system may undergo anomalous change. 

It was with a view to obtain information regarding this point that the 
present investigation was undertaken. Incidentally it has thrown much 
interesting light on the mechanism of adsorption as would be apparent from 
the discussion of the results. 


Experimental 

The colloidal solutions uschI were those of arsenic and antimony hydro- 
sulphides. The former sol was pn^pared by dissolving Kahlbaurn’s pure 
arsenious oxidi^ in distilUnl water and them by passing hydrogen sulphide gas 
for sometime. The excess of the gas was removed by bubbling in a rapid cur- 
rent of hydrogen gas through the solution. Similarly antimony hydrosulphide 
sol was prepared by dissolving Merck’s potassium antimony tartrate in di.s- 
tilled water and by passing sulphuretted hydrogen and getting rid of the 
excess as described above. The former sol was marke*d A/ 1 and the latter 
B/i. 

The (plant ity of the equivalent amounts of As^Oa and Sbs Oa in A r and 
resp(H*tiv(*ly w(*re determined volumetrically by the Kc'ssler’s method’ 

Four samples markcnl A/i» A/2, A'3, A 4 were prepannl from A i by 
diluting it with winter; the ratio of sol to water Ix'ing respectively 1:0, 1:1, 
1:2, 1:3. Similarly diffenmt samples B/ i, B 2, B 3, B 4 were prepanxi from 
B/i sol. All th(‘se were preserved in w('l!-stopp<Ted bottles. 

Optically active sugars used were Merck’s sucrose, glucose, and galactose. 
Solutions of thes<‘ were prepared by dissolving them in distilUx.! water. The 
optical rotations were nu^asured by the Tripartite field, International Sugar 
Scale Polarimeter manufactured by Adam Hilger Ltd. The tubes used were 
the water- jacketed 50 mm. and 220 mm. onc^s. The monochromatic light used 
w^as the arc lamp with a potassium bichromate filter, the sodium light being 
found too f(»ebl{‘ for these (experiments. 

First of all, the specific optical rotations of the three sugai*s for the particu- 
lar light used were determined. After this a solution of sugar to be experi- 
mented upon was prepared and its rotation measured. Then a sample of the 
colloidal solution was taken and three dihitions of the sugar solution weiv 
maxle in which sugar and ('olloidal solutions were in the ratio of 1:1, 1:2, and 
1 13. In order that the volumes of the two taken out for the dilution may be 
the same, the same pipette w^as used for measuring the volume of the liquids, 
special care being taken in washing and rinsing the pipette when taking in any 
liquid. Such dilutions as above were made in the case of all the samples. 


‘ Pogg. Ann. 118 , 17 (1863). 
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But before doing regular experiments, attempts were made to determine 
the factor x in equation (i). Two series of experiments were performed. 

( 1) In the water-jacketed polarimeter tube there is an opening through the 
water jacket, in the middle, so that any liquid to be examined can be poured 
into the tube without opening it at any one of the ends. Advantage was taken 
of this to put in small crystals of aluminium chloride into the tube containing 
the mixture of the solution and sugar. The addition of Aids resulted in the 
settling down of the particles. The reading in the polarimeter was again 
taken, and some of the results are given below in Table I. 

(2) The mixture of the sol and sugar solution was coagulated outside and 
the rotation due to the sui)ematant liquid was examined. The results of 
these also are given below in Table I, colimm 3. 


Table I 

All the values of rotation given in this table are positive. 


I 2 3 


Rotation of the mixture 
of the sol and sufear 
solution. 

Rotation after the coa- 
gulation of the solution 
in the tube. 

Rotation of tlie sufiernatant 
liquid olitained by coagu- 
lating the sol particles 
outside the tube. 

0.84 

0.84 

0.84 

0.41 

0.41 

0.41 

0.58 

0.58 

0.58 

1.66 

1 .66 

1 .66 

1.83 

1.83 

M 

00 

0.* 

251 

2-51 

2 51 


From the above table it is clear that the effect of the presence of the par- 
ticles on rotation are, if any, undetectable i.e. the factor x is negligible. 

Therefore the equation becomes 




n+i 


(2). 


After this the rotations of the various mixtures of sols and sugars prepared 
as described above, were examined and the results arc entered in Tables II- 


VIII. 



Table II 

Optically active substance used: Sucrose. 

Specific rotation of sucrose taken = +67 5 Orijj;inal rotation ( 0 ) — +.^ 41 

50 mm, tulx* used. Quantity of sucrose per 100 c.c. 

of the solution = ro. 104 pm. 
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Table IV 

Optically active substance used: Galactose. Original rotation (/S) = +0.91 

Specific rotation of galactose taken = +83 91 Quantity of galactose per 100 c.c. 

of the solution = 2 . 169 gms. 
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Optically active substance used: Sucrose. Oricinal rotation 
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Optically active substance used : Glucose. Original rotation ( 3 ) = + 4 . 1 1 

Specific rotation taken = +51 34 Quantity of glucose per 100 

c.c. of the solution = 3 .639 gms. 
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Table VII 

Optically active substance used : Galactose. Original rotation « + 2 , 42 

Specific rotation taken= +83.91 Quantity of galactose per 100 c.c. 
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From the tables it is clear that the values of rotations observed are always 

3 

less than the calculated ones i,e. jS' < ——and these differences become more and 

n+i 

more marked as the ratio of the sol to that of the sugar is increased. The other 
thing to be noted is that with the dilution of the solution this difference de- 
creases. From these the possibility of the first theory mentioned in the intro- 
duction is excluded, and it becomes obvious that other factors besides those 
postulated by it are interfering. 

But if the explanation of the phenomenon of protection, as put forward 
by Zsigmondy and Langmuir, be taken into account, it may be possible to 
explain this anomalous result. It is quite probable that this decrease in rota- 
tion is due to the fact that sugar molecules condensed on the surface of the 
particles are oriented in such a manner that they are no more optically active. 
That the optically active sugar has lost its optical activity in the adsorbed 
state is no wonder. It may be counted as one out of the many cases of chem- 
ical action between the protecting agent and colloid particles demonstrated 
by Zsigmondy, and theoretically postulated by Langmuir^ Just as in Zsig- 
mondy's experiment the gelatin adsorlx^d by gold (loc. cit.) lost its property 
of solution in water, so also the sugar might have undergone changes in physi- 
cal and chemical properties. 


Table VIII 

All the values of rotations given in this table are positive. 

Initial rotation due to the mixture Rotation of the solution got by dissolv- 

of the sol and sugar solution. ing the coagulum. 


1.66 

nil 

1 . 10 

nil 

0.84 

nil 

0.43 

nil 

7. II 

nil 

4.93 

nil 


To test this, in each case, the particles were coagulated and after washing 
twice or thrice to get rid of the mechanically adhering sugar the coagula were 
dissolved in alkali or acid as required and the rotation examined. 

It must be not^^d that it is not possible to wash off the adsorbed substance 
as the experiments of Whitney and Ober^ have shown, so that there is no 
danger of the adsorbed sugar being lost in two or three washings. The pres- 
ence of elements constituting sugar molecule has been established later by an 
actual chemical analysis. Some of the results of the previous experiments 
are given in Table VIII. 

* J. Am. Chem. Soc. 39 , 1848 (1917). 

* J. Am. Chem. Soc. 23 , 342 (1901). 
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The above results show conclusively that the amount of sugar adsorbed 
has lost its optical activity. Thus the chemical theory is amply supported. 
Further support has been found by a qualitative chemical analysis of the 
adsorbent, as shown later on. It is evident that in this particular case muta- 
rotation is not the factor interfering as it is not a decrease or increase in the 
optical rotation that is observed but a total extinction of the property. It 
must also be noted that the rotations are sufficient to denote any small de- 
crease or increase in the polarimeter used, the instrument being sufficiently 
accurate and sensitive. 

In order to see if there were other cases as above, many experiments with 
different adsorbents and optically active substances were tried. Fine powders 
of substances like arsenic trisulphide, zinc oxide, ferric oxide, anthracene, 
/8-napthol and such others were used as adsorbents. The method of experi- 
mentation was as follows: — 

A solution of the optically active substance was prepared and measured 
quantities of this were put in glass stoppered flasks. Weighed amounts of 
adsorbents to be experimented upon were put in different bottles, and the 
original solution was put in a separate bottle. After a few hours the rotations 
due to the original solution as also those due to the solutions obtained by 
filtering, were examined. Special care was taken in filtering, filter papers 
being soaked for some time in the original solution of the optically active 
substance, and then dried after thoroughly washing. 

It is interesting to note that the rotations of the optically active substance, 
were affected to any measurable amount by only those substances which 
adsorb. Substances like anthracene, jS-napthol did not produce any change 
in the rotation even when kept over night with the solution of the active sub- 
tance. The results of the experiments with ammonium tartrate and arsenic 
trisulphide powder are given in Tables IX and X. 

Observations made with other adsorbents and optically active sugars are 
in the same direction as the above. These results clearly prove the conclu- 
sions arrived at before, namely, that on account of some chemical action be- 
tween the adsorbent and the adsorbed optically active substance, the amount 
of the active substance adsorbed has lost its activity. 

Further to show the presence of the adsorbed sugar in the washed adsorbent 
following experiments were done with zinc oxide and glucose: some zinc oxide 
after being put for some time with the glucose solution, was taken out and 
washed three or four times. It was then dried, and a portion of it was dis- 
solvec^ and glucose was tested for in the solution by means of Pavy^s solution. 
No test of glucose was found. The other portion of the zinc oxide, supposed 
to have^ adsorbed glucose was mixed with finely powdered copper oxide and 
toated combustion tubing to test qualitatively for carbon. With this 
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another blank experiment with zinc oxide was made for the sake of comparison. 
It was foimd that the former showed the presence of carbon. These two ex- 
periments have clearly demonstrated the loss of the chemical property of 
glucose in the adsorbed state, as also the presence of some carbon compound 
on the adsorbent. 

The above observations are striking, but further work is necessary so that 
the views developed here can be finally accepted. In order to get more evi- 
dence in this direction experiments with adsorbents like zinc oleate, zinc 
stearate, aluminium palmitate, etc., soluble in alcohol, ether, and other 
organic solvents are in progress in this laboratory. 


Chemical Lahoratoriee, 
Benaree Hindu Univereityy 
Benares. 



THE REDUCTION OF FREE NITRIC ACID BY MEANS OF FERROUS 
STANNOUS, OR TITANOUS SALTS 

BY liOWEIiL H. MILLIGAN* AND G. RAYMOND GILLETTE® 

I. Introduction 

The results presented in this paper, which is one of a series from the Lab- 
oratory of Chemistry of Cornell University, contribute toward an investiga- 
tion of the action of nitric acid on metals or, in more general terms, the mechan- 
ism of the reduction of nitric acid. The subject is one which has interested 
investigators since the beginnings of our science of chemistry, but in spite of 
the early origin of the problem and in spite of much intensive work directed 
toward its solution a completely satisfactory theory has not yet been developed. 

In a previous paper by one of us*, methods of analysis are described for 
the reduction products of free nitric acid solutions, namely — nitrogen peroxide, 
nitric oxide, nitrous oxide, nitrogen, nitrous acid, and salts of hj’droxylainine, 
hydrazine and ammonia. The present paper gives results which were obtained 
when a study was made of the reduction of nitric acid by means of ferrous, 
stannous, or titanous salts, using these analytical methods. Part of the de- 
velopment work on the methods was done in connection with reduction ex- 
periments, and therefore the analytical accuracy obtained, as shown by the 
summation of reducing agent accounted for compared with that added, is 
not always quite so satisfactory as would have lx*en the case if the methods 
finally adopted had been uniformly applied, but is believed to be sufficient for 
the present purpose. The work was carried out under the general direction of 
Prof. Wilder D. Bancroft. 

11. The Reduction of Free Nitric Acid by Means of Ferrous Salts 

When small amounts of nitric acid are added to an excess of ferrous 
chloride solution containing free hydrochloric acid, and the mixture is boileil 
in the absence of air, the nitric acid is quantitatively reduced to nitric oxide 
which is expelled from the boiling solution; and this procedure has been made 
the basis of a method for the quantitative determination of nitrates.* 

With low concentrations of ferrous ion and nitric acid at room temperature, 
the reaction takes place with extreme slowness, but there does not appear to 
be a limiting concentration below which some reaction will not occur. Strong 
ferrous sulphate solutions containing a few drops of nitric acid will remain a 
light green color for a long time, but eventually (months) will turn red-brown, 

‘ Holder of the duPont Fellowship in Chemistry at Cornell University for 1922-23. 

* Senior in chemistry at Cornell University in 1922-23. 

'Lowell H. Milligan: Jour. Phys. Chein., 28 , .329 (1924). 

* Method of Schlocsing and Orandcau, miMlified bv Tiemann and Schul*e: Zeit. 
anal. Chem., 9 , 401 (1870); Her., 6, 1041 (1K73). 
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indicating the formation of nitric oxide which combines with the ferrous sul- 
phate to give the same more or less unstable complex compound* which 
results when nitric oxide is passed into cold ferrous sulphate solution. 

Boiling the ferrous sulphate — nitric acid solution accelerates the reaction 
and renders the complex compound unstable, at oncf^ expelling nitric oxide. 

Experiments were made to determine tlu^ reactions taking place w^hen 
ferrous sulphate solutions were treated with an ('xc(*ss of fre^e nitric acid. When 
35% nitric acid is added in large excess to a strong solution of ferrous sulphate 
at room temperature, so that tiie final mixtur(‘ contains about 20 gins, of 
nitric acid per 100 cc of solution, no (‘vidences of reaction ap[)car for a while. 
Then, suddenly, the dark red-brown color indicative of the fibrous sulphate — 
nitric oxide compl(»x appears at oih‘ spot and spreads rapidly throughout the 
whole solution. This condition pi^sists only for a few minutes, however, and 
then the color bleaches rapidly to a light yidlow-gn^en with an attendant for- 
mation of small bubbles of gas. These phenomena are interpreted to represent : 
first an imluction [period: w'cond the formation of nitrous acid and nitric 
oxide according to the reactions, 

2FeS04+HNTb4-H,S()4-lM‘2(v^0,).rrHN02+H20 

3HN()2=:HN(b4 2N() + H2() 

and combination of the nitric oxide with the ferrous sulphate to give the red- 
browTi color; and third the d(*com|M)sition of this complex compound with 
evolution of the nitric oxidis due to the fact that diminishing ferrous sulphate 
conc(‘nt ration and rising t(Mnperature (from the heat of n^action) have rendered 
it unstable. 

It is not improbable that the reaction goes through othiM* unstable inter- 
mediate stages. The hypothetical compound H2N2O:,, of which X2O4 is the 
anhydride, is quite likely to lx» the first reduction product, and Angeli’s 
nitrohydroxylarnic acid (112X203) probably stands between nitrous acid and 
nitric oxide. 

When a considerable amount of sulphuric acid has been added to the reac- 
tion mixture the jx^iod of induction is esix^cially notable, and in this event the 
addition of a small quantity of nitrous acid siH^med to act as a positive cata- 
l^’zer. 

The results of quant itativi^ ex|K'rimenls are given in Table I. These were 
carried out in an atmosphere of pure carbon dioxide, and the analysers of the 
products were made substantially as describ(*d in the previous pai^r. The 
total reducing power of the undecomposed ferrous sulphate and the nitrous 
acid was titrated with stiuulard |X'rmanganate, ami nit rous acid was estimated 
colorimetrically by means of the metaphenylenediamine reaction. Known 
amounts of standard sodium nitrite solution were added to a colorimetric 
comparison sample containing the same original materials as were in the 
unknown but diluted to the point where the rate of reaction was negligible. 
Only a very small amount of nitrous acid was found and it has been calculated 
to nitric oxide and added to the nitric oxide which was given off as a gas, 

^ StH% for instance, Schlcsinger anti Salatho: J. Am. (.'hem. Soc. 45, 1871 { 192 ^). 
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In these experiments the concentrations are such that the red-brown color 
appears and disappears within half an hour after mixing the solutions at 2o®C. 
Nitric oxide is the chief product, but nitrogen peroxide is also alwa3rs present. 
No nitrogen, nitrous oxide, hydroxylamine or ammonia is formed. Neither 
the presence of sulphuric acid nor the time during which the products are left 
in contact with the reacting solution has any special directive influence on the 
reaction. More concentrated nitric acid would undoubtedly increase the 
amount of nitrogen peroxide formed. 

Table I 

The Reduction of Nitric Acid by Means of Ferrous Sulphate at 20®C. 
(From 7 to 17 times the amount of HNOs which would be required by the 
FeS04 to produce NO2 has been used in these experiments.) 


Exp. 

No. 

Composition of original 
solution. Gms per loo cc. 

Time between 
making the solu- 
tion and analysis; 
hours. 

Per cent FeS04 
accounted for as 

NO 

NO2 

Unoxi- 

dised 

FeS 04 

Loss 

FeSO^ 

HNO, 

H2SO4 

I 

2 . 76 

19.4 

0.0 

0-5 

67.8 

5 09 

254 

1.71 

2 

3-79 

14.6 

20.5 

0.5 

66.0 

4 99 

24.0 

S-oi 

3 

3 66 

15.2 

19.9 

0-5 

60.9 

4.88 

29 5 

4.72 

4 

4.41 

12 . 1 

23 -9 

20. 

75-2 

5.08 

18.2 

1-52 


The loss is mainly due to the fact that the reaction is slow because the 
reaction flask was not heated, and oxides of nitrogen were given off continuous- 
ly during the analysis. It was therefore impossible to wash the gases quanti- 
tatively with the carbon dioxide stream into the absorbing liquids, and those 
oxides of nitrogen which were not absorbed were lost when the apparatus was 
taken apart . When sulphuric acid is present in the reacting mixture the oxides 
of nitrogen are evolved still more slowly and under these conditions if the 
analysis is begun immediately after the red-brown color has disappeared, the 
loss is greater. When considerable time elapses between the beginning of the 
reaction and the analysis, as in No. 4, the loss is less. 

III. The Reduction of Nitric Acid by Means of Stannous Salts 

Maumen^^ treated nitrates with stannous chloride in acid solution, and 
obtained crystalline hydroxylamine hydrochloride from the solution. 

Dumreicher® found that nitric oxide was completely absorbed by a hydro- 
chloric acid solution of stannous chloride at ioo®C with the formation of am- 
monium salts. Pure hydroxylamine hydrochloride was likewise reduced to 
ammonium salts, and the reaction was quantitative. He could not detect 
any action between nitrous oxide and stannous chloride even after standing 
a week. With nitrous acid and stannous chloride solution he obtained nitrous 


‘Compt. rend. 70 , 147 (1870). 
> Monatshefte, 1, 724 (1880). 
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oxide alone in dilute solutions, or nitrous oxide plus red oxides of nitrogen if 
the solution was concentrated, but he did not find any free nitrogen in either 
case* Nitric acid added to stannous chloride solution gave only a slow reac- 
tion in the cold with the formation of some hydroxylamine and ammonium 
salts; in the hot, considerable amounts of ammonium salts were produced. 

Divers and Haga^ disagreed with some of Dumreicher's conclusions. They 
found that in the absence of air the products of reaction between nitric oxide 
and stannous chloride solution were hydroxylamine salts and nitrogen, but 
not ammonium salts. With nitric acid and stannous chloride they obtained 
no reaction in cold dilute solutions, but hydroxylamine salts resulted when the 
solutions were more concentrated. 

The statements of different authors, while probably correct in the main, 
sometimes conflict* and are not always convincing because their analytical 
work was not complete* and the methods used were not, in general, capable of 
yielding ver>^ accurate results. 

In order to get an idea of the general bc*havior of stannous chloride solu- 
tions when treated with an excess of nitric acid, (‘xperiments were made by 
mixing these reagemta either with or without the addition of sulphuric acid, 
and the mixtures were wanned up in a w'ater bath until decomposition took 
place. This lx*gan spontaneously at a fairly d(*finite temperature, as showm 
by violent bubbling, the dev(»lopment of a yellow color in the solution starting 
at the top and working dowmivard, and the evolution of light broivnish-colored 
fumes. This tenifx^rat ure was iiotc‘d as Wing a measure of the stability of the 
solution or an inverse measure of the rate of reaction. On this basis it was 
found, as would be expected from the mass law , that increasing the concentra- 
tion of the nitric acid or stannous chloride lowered the decomposition tempera- 
ture. Increasing the concentration of sulphuric acid in a solution in which the 
concentration of nitric acid and stannous chloride were kept constant, also 
lowered the decomposition tempt^rature, serving to increase the effective con- 
centration of the solution. Thus a solution containing 1 5 gm Sn(l2, 6 gm HCl, 
25 gm HNO3 and 22.7 gm H2SO4 per 100 cc, decom|K)sed at 64®(^ under a 
definite set of conditions, but when the H2SO4 content of this same solution 
was raised to 60.5 gm the decomposition temfierature w^as lowered to 32®. 

It was found that concentrated (70%) nitric acid could be added to a 
stannous chloride solution (made by letting concentrated hydrochloric acid 
(39%) react with as much tin as it would dissolve at room temperature) with- 
out producing any visible reaction, provided the solutions were brought to 
— 1 5®C and were mixed slowly with intennediate cooling in an ice-salt mixture. 
Data on such a solution and also one which was slightly more dilute, are given 
in Table II. 


‘ J, Cbem. Soc., 47 , 623 (1885). 
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The totaJ reducing power of these solutions was determined by the hypo- 
chlorite method, and the free SnCU by the iodine titration method, the NH2OH 
being calculated from the difference between these titrations. 


Table II 

The Action of an Excess of Strong Nitric Acid on Stannous Chloride Solution. 



1 Gms. per 100 cc at 2o®C. 

SnCli 

HCl 

HNO, 

NHtOH 
(calc, to equiv. 
SnCli) 

Solution A 

Original at ~ 1 5°C. 

10 min at— 15° 

9 min after bringing 
to 20° 

30. 

28.5 

12 .6 

12 . 

50- 

none 

I *5 

18.0 

10 min after bringing 
to 20° 

Spontaneous decomposition, raising 
the temp, to 50® and giving off 
brownish fumes. 

Solution B 

Original 

4 hrs at 20® (no change 
in appearance) 

20. 

6.74 

8. 

27. 

1 

none 

12 .96 


In order to trace the formation 
solutions containing stannous chlo 



Fig. I. 

Curves showing how the production of 
NH2OH and the unconsumed SnCh varied 
with time for solution no, 3. 

The analytical methods for SnCU 
paragraph. Analyses for ammonia, 
none present in any case. 


hydroxylamine and ammonium salts in 
e and a large excess of free nitric acid, 
the series of solutions given in Table 
III were made up by mixing ice cold 
reagents and then letting them warm 
up to room temptuature in an atmos- 
phere of neutral gas (hydrogen in the 
first three cases, and carbon dioxide 
in the fourth). The l>ehavior and 
analyses of these solutions are given in 
the notes to Tables III, IV and V, and 
in Fig. I. In Fig. i it is seen that the 
points obtained were insufficient to 
define the curves with any great degree 
of accuracy, but their general trend is 
unmistakable. In Tables 4 and 5 the 
“SnCU not accounted for” may be 
partly a loss due to oxidation by the 
air, which was not completely excluded 
while the samples were being taken, 
and NH2OH are given in the preceding 
made by the distillation method, showed 
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Behavior of Solutions 

Soln. I. Warmed rapidly up to about 5°(^ above room temperature. 
Titration made five minutes after mixing showed no stannous tin present, 
although no gas was given off and there had been no change in the appearance 
of the solution. Twenty minutes after mixing, the solution suddenly turned 
yellow and a violent evolution of brownish gas occurred. 


Table III 

Composition of Solutions used for Experiments, 



1 CiiiJH pt*r 

l(K) (T 

Holn. 

Holn. Xo. 

HXOa 

11(1 

Sn( 1 : 


I 

23-3 

9-9 

8.3 

0 

2 

13 ,6 

4.1 

9 6 

45-4 

3 

16.3 

so 

1 1 .6 

0. 

4 

20 4 

4 8 

12.0 

0. 


Soln, 2. Warmed rapidly up to about 5°C above room temperature. 
Titration made five miniiles after mixing showed stannous tin present equiva- 
lent to 3,5 gm SnCb per 100 cc solution, or of the amount originally 
present. During the night (between two and eighteen hours after mixing) 
evolution of brownish gas occurred, and in the morning the solution was light 
yellow. Titration showed no stannous tin present. 

Solns, 3 and 4. Warmed up slightly, but did not change in appearance 
during the total time of observation. (See Tables IV and V and Fig. i.) 


Table IV 

Analyses of Solution 3, Table III 


Elapsed 

Time 

Sti( ’ij 

found 

XH2OH found (expressed 1 
as equiv. SnCh) ! 

'SlU 

found 

SnCIs not 
aeeounted for 

(Jni / icxxH* 

original 

(»ni. I owe j 

of orig SnCIi 

^ of orig. SnCli' 

5 min. 

II .4 

()8 

:zz:-| 




23 hrs. 

4.02 

34 6 

5 55 

46.9 

1 

18 5 

36 hrs. 

2.93 

00 

6.20 

53 6 

— 

21 6 

25 days 

0 00 

1 0.0 

7 62 1 

65 -8 

none 

34 2 


Table V 

Analyses of Solution 4, Table III 


2.5 hrs. 

9 72 1 

81 . 2 

2 . 18 

18.3 

— 

0*5 

6 . s hrs. 

7.90 

66 . t 

3 -61 

30.2 


3-7 

18.5 hrs. 

5-48 

45-8 

5-21 

43-6 

none 

10.6 


Experiments were also made using a considerable excess of stannous chlor- 
ide over that required by the nitric acid present. The data are given in Table 
VI, The amount of SnC^ls used is an excess of 124% over the amount required 
to convert the HNOa present into NH2OH, or 69% over the amount required 
to convert it into ammonia. 
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No visible signs of reaction appeared. The stun of the hydroxylamine and 
ammonia was determined by the titanous salt method, the ammonia was de- 
termined by distillation and the hydroxylamine was calculated by difference. 
The preceding experiments indicate that when stannous chloride solutions 
are treated with an excess of nitric acid, hydrox3damine salts are the first end- 
reduction product produced in the solution; but that the hydroxylamine salts 
are often oxidized to gaseous products if the concentration of nitric acid is 
sufficiently great. When stannous chloride is in excess, at least a part of the 
hydroxylamine is reduced to ammonium salts. 


Table VI 

The Reduction of Free Nitric Acid by Means of an Excess of 
Stannous Chloride Solution 



1 Gms per loo cc. 

SnCh 

HCI 

HNO, 

NHjOH NHa 

(calc, as SnCla) 

Original solution 

Standing at 20®C for 30 min. 
Portion heated to 9s“C for 

10 min. 

Portion Standing at 20® for 
25 days 

61 3 
61.3 

23.4 

3.02 

none 

none 

10. 0 

7.2 

none 

none 

12 .7 

6.5 


If this is the true mechanism of the reaction, and the presence of the tin 
ions have no specific catalytic effect, then the gaseous products given off when 
nitric acid is added in excess to stannous chloride solutions should be the same 
as those produced when excess nitric acid is added to solutions of hydroxylara- 
ine salts. The experiments given in Table VII were made to test this point, 
and these confirm the mechanism postulated for the reaction. The fact that 
small amounts of NO2, NO, and N2 accompany the production of N2O as the 
main product when hydroxylamine salts are oxidized with nitric acid seems 
to the writers to indicate that the reaction goes through unstable intermediate 
stages. On this basis the fact that hydroxylamine alone seems to be the 
primary end-reduction product between stannoiLs chloride solutions and an 
excess of nitric acid, would be interpreted to mean that the concentration 
of the intermediate stages under these conditions never reaches the point 
where decomposition to gaseous products takes place. 

One experiment was made exactly like No. $ in Table VII except that 
0.25 gm of CUSO4 also was present per 100 cc of the original solution. This 
had no directive effect on the reaction, and the results obtained were practi- 
cally like those given in the table. This is interpreted to mean that cupric 
salt is not a catalyzer for the production of nitric oxide under these conditions. 
Nothing, however, can be said about what the effect of cuprous salt would be, 
provided it could be kept present as such during the reaction. 
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IV. The Reduction of Nitric Acid by Means of Titanous Salts 

Titanous salts are stronger reducing agents in acid solutions than are corre- 
sponding stannous salts, as shown both by electromotive force measurements^ 
and by reduction experiments®. 

It has just been shown that stannous salts reduce nitric acid to hydroxyl- 
amine and eventually to ammonium salts, and therefore it would be expected, 
reasoning purely from the apparent reducing strength of the solutions, that 
ammonium salts would be the chief reduction product with titanous salts and 
nitric acid; but, on the contrary, nitric oxide is mainly foimed. When, for 
instance, a few drops of titanous chloride solution are added to 20% nitric 
acid, an instantaneous evolution of gas occurs and analysis shows it to be more 
than 50% nitric oxide. If stannous chloride were used imder these same con- 
ditions there would be no obvious reaction, but hydroxylamine salts would be 
slowly formed in the solution. In terms of the reaction mechanism previously 
postulated, this is interpreted to mean that titanous salts exert a specific cata- 
lytic effect on the decomposition of nitrohydroxylamic acid, producing nitric 
oxide in quantity before much of the nitrohydroxylamic acid has a chance to 
be further reduced. 

Only two quantitative expiTiments were made using titanous chloride to 
reduce nitric acid, because of lack of available time. The results given in 
Table VIII, while perfectly definite, nevertheless fail to account for the entire 
amount of the titanous salt taken. This is due to the fact that the experi- 
ments were made at room temperature and it was assumed at that time that 
the carbon dioxide passing through the solution would decompose the nitrous 
acid and wash out the nitric oxide. This was subsequently shown to be a 
wrong assumption^ and accounts for the extremely high loss in Experiment 
No. I . Experiment No. 2 was made in a similar way except that a |x?rmangan- 
ate titration (which could not be made with great accuracy because of the 
fading end-point, but is likely to be only a little low) was made on the residual 
liquid in the decomposition flask and the results were calculated to NO (after 
correcting for the small amount of hydroxylamine indicated to be present by 
the titanous salt method) and added to that collected in the absorption bottles. 
The total result obtained in this way is considerably better. 

No complete experiments were made in which dilute nitric acid was added 
to an exce.ss of titanous chloride solution, but experiments in connection with 
the development of the titanous salt method for the determination of hydroxyl- 
amine^ showed that ammonium salts are not a product under these conditions. 
This, and other phenomena noticed in those experiments, indicates that the 
reaction proceeds to practically the same products with titanous salt and 
nitric acid no matter which constituent is in excess. Support is thereby sup- 

^ Foerster: ‘‘Elektrochemic wii^^8PTiger 1 dsungen” 217 (1922). 

2 Knecht and Hibbert: Her., 36 , 166, 1549 (1903); 38 , 3318 (1905); Slfthler: Ber,, 
42 , 2695 (1909); Bray, Simpson and MacKenzio: J. Am. Cbem. Soc., 41 , 1363 (1919}. 

® See discussion under nitrous acid in the paper on analytical methods. 

< See previous paper on analytical methods. J. Phys. Chem. 28 , 544 (1924). 
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plied to the view that the **ous*’ salt of titanium is the catalytic agent causing 
the decomposition of nitrohydroxylamic acid and splitting off of nitric oxide. 
Further confirmation was obtained by adding titanic salt to a solution con- 
taining nitric acid and stannous chloride, in which case the reaction did not 
appear to be affected, and nitric oxide did not split off preferentially as should 
have been the case if the ^'ic” salt of titanium were the catalyzer. 

Table VIII 

Reduction of an Excess of Free Nitric Acid with a Solution of 
Titanous Chloride 

Maximum temp. 20®; time of reaction 10 minutes; no ammonia formed 


U'ompcifiition of soln. 
taken; gm/ looee 

React, products formed; calc, to equiv. TiClj 
and expressed as % of total taken 

TiCU HNOa 

NO, NO N ,0 

N, NH,OH Total 

5.9Q 5.82 0.0 

1-55 55-3 22 5 

2-55 115 83.0* 

S-OS 5 80 423 

I .6g 67 0 25 . 25 

3.01 0.7s 97 7* 


•St'e discussion given in the text regarding these low totals. 


V. Summary and Conclusions 

The conclusions of this paper are: 

1. When an excess of nitric acid of 15-20^^ strength is reduced at 2o°C by 
ferrous salt solutions, first the reaction passes through an induction period 
and thtui the solution becomes dark red-brown indicative of the formation 
of the Fe^“^ .NO complex which is rapidly decomposi^, nitric oxide being the 
principal product but coiLsiderable nitrogen peroxide being formed also. When 
small amounts of nitric acid are added to an excess of boiling ferrous salt solu- 
tion, nitric oxide only is produced. 

2. When an excess of nitric acid of io-5o^'{ strength is treated in the cold 
with stannous salt solutions, hydroxylamine salts are the primary cnd-product 
of the reaction, but wlnm the conditions of temjK'rature and concentration 
are such that the nitric acid and the hydroxylamine salts react, then nitrous 
oxide is the chief product together with small amounts of nitric oxide, nitrogen 
and traces of nitrogen peroxide. No ammonium salts are formed. When 
stannous salts are used in excess over the nitric acid, the reaction takes place 
with hydroxylamine and ammonium salts as the proilucts either in hot or cold 
solutions, but the reaction is very slow in the latter case. 

3. When an excess of nitric acid is treated with titanous salt solutions, the 
reaction takes place very rapidly with the formation of nitric oxide as the 
chief product together with a considerable amount of nitrous oxide, a smaller 
amount of nitrogen, and traces of nitrogen peroxide and also of hydroxylamine 
salts. No ammonium salts are formed. The reaction appears to progress in 
practically the same way no matter whether the nitric acid or the titanous 
salt is in excess, neither hydroxylamine nor ammonium salts being formed in 
the latter case. 
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4. Titanous salts are stronger reducing agents than corresponding 
stannous salts and yet the chief product produced by the former acting on 
an excess nitric acid is nitric oxide; whereas the chief product from the latter 
is hydroxylamine, which is a ^more reduced' compound but is produced by 
the weaker reagent. This shows that catalytic effects play an important 
part, and evidence indicates that the ^ous’ salt of titanium is the catalyzer 
for the decomposition of nitrohydroxylamic acid and production of nitric 
oxide. 


5. The mechanism given in Fig. 2 is suggested to represent the reduction 
of nitric acid. It applies also to reactions involving the other products shown. 


■'il ' 





-NH, 


Hwo; 


In this arrangement the gases are 
designated by enclosing them in circles. 
The vertical position of the rest of the 
compounds is chosen so as to indicate 
their approximate stability, those placed 
lowest down being most stable. The 
double arrows indicate that the reactions 
may proceed in either direction with 
appreciable velocity. Thus, on the one 
hand, concentrated nitric acid turns red on standing, due to the fonnation 
of red oxides of nitrogen; and, on the other, nitrogen peroxide is absorbed 
by water with the formation of nitric acid, nitrous acid and nitric oxide. 
Nitrogen and nitrous oxide are found as decomposition products in nitric 
oxide which has stood over water for some time, and so forth. Nitrous oxide 
and nitrogen are so relatively stable in the ordinary non-ionized form that 
they are represented with single arrows to indicate that they are end-products. 


Fig. 2. 

The mechanism of the reduction of 
nitric acid. 


Nitrogen is evidently a product of reaction between hydroxylamine and 
one or more of the more-oxidized compoimds. Kurtenackerand Neusser^ believe 
that nitrogen is produced by the interaction of hydroxylamine with nitroxyl 
(NOH, considered to be a very reactive compound of which H2N2O2 is a poly- 
mer). The arrows shown in Fig. 2 in connection with ammonia are dotted, 
because it is not certain just what the relationships are in this case. 

Other equilibria an* not shown on this diagram because it is thought that 
they complicate matters unnecessarily. These are: 


2NO2 N2O4 

NO3+NO ^ N2O3 
2HNO3 N2O5+H2O 

2NOH H2N2O2 


In alkaline solutions, stability relations are altered and the course of the 
reduction in any case is likely to be somewhat changed. This effect, in general 
applies both to the reducing agent used and to the nitrogen compounds. In 


» Z. anorg. Chem., 131, 27 (i9^3)» (through C. A. 18, 796). 
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connection with the latter, salts of HNO2, H2N2O3 and H2N2O2 are more 
stable than the free acids, and therefore a low hydrogen ion concentration in 
the solution tends to favor their formation. 

In special solvents, new stability relations may he sc^t up. Thus nitrosyl- 
sulphuric acid formed from nitrous acid (or nitrogen trioxide) and a large 
excess of concentrated sulphuric acid, according to the reaction 

HNO2+H2SO4 —h NOHSO4+H2O, 

may be considered to he simply nitrous acid stabilized by solution in concen- 
trated sulphuric acid. Whew solid nitrosylsulphuric acid crystallizes from the 
solution, it is simply that the system has become super-saturated with respect 
to this particular compound, under the conditions of the experiment. Dilution 
of the sulphuric acid with water decreases the stability of the nitrosyl-sulphuric 
acid; nitrous acid is re-fonned, and is decomposed at least partially into 
nitric oxide and nitric acid. 

The presence of compounds which catalyze preferentially the decomposi- 
tion of one or more of the primary products will have a specific directive influ- 
ence on the reaction, indefxuident of effects otherwise indicated by the relative 
strength of the reducing agent as shown by E. M. F. measurements or by other 
reactions. When the reaction in a given case passes rapidly through any of 
the unstable intermediate compounds, only very small quantities of the gases 
formed by their decomposition will result. 

In order to he of any value, a theory should correlate and explain existing 
facts, and predict new ones. The existing general information from the litera- 
ture or from this work on the reactions which these' compounds undergo in 
aqueous solution is given in reaction form below. 

(а) Decompositiom and interreaciions of the jutrogen compounds, 

2NO2+H2O— >-HN0,+HN()2. 

3HNO2— >-HN03+2N0+H20. 

N 0 +H ,0 ; ►HNOv+N,+(a little NsO). 

(slowly) 

H,N, 0 ,— »- 2 N 0 +H, 0 . 

2Na,N,0,+H,0 (boil)— »-2NaN0*+N,0+ 2NaOH. 

H,N, 0 ,— 4 -N, 0 +H 20 . 

NHjOH— ►NOs+NO+Ns+N.O+NH,. 

(free liquid) 

(presence of Pt-black increases the NjO) 

( б ) Effect of adding oxidizing or reducing agents. 

KNO,+Na amalg.— >-KNO,— »-NH, 0 H+K,N, 0 ». 
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oT’no} + KJ.A+N^+N.+NH.. 

2HN02+C0 (NHs )2 (excess)— ►zNi+COs+aHsO. 
NaNO*+NH*OH . HCl (excess)— ^HjNsOs+NaCH- 2H*0. 

I 

N2O+H2O. 

hnS'I + 

HNO,,or| ^ Sn+HCl (excess)— >-NH jOH.HC 1+NH4C1. 

HNO*, or) , r» ++ / excess acid — ►■NO+NO». 

HNO, ( + \ excess Fe++ — »-NO. 

HNO, (excess) + Ti+++ — >-NO+N!iO+N2(+N02+NH20H). 

HNOs, or ) +Hg+conc.H2S04 — >-NO. 

HNO2 / (excess) 

2KN0,+6 HCOOH— *-N20+4C02+sH20+2HC00K. 

(K2S, or 

NO + <moist Fe, or — >-N20+N2. 

(sulphites (NH3 also sometimes formed) 

NO+HI — »-NH2H-l2. 

(concentrated solution) 

NO+alk. pyro — ►N2O. 

N0+HN03(sp. gr.> i . 15) — >>N02+N20s. 

NO+solution KMn04 — >-HN08. 

xTi-k 1 rx /diy — ►no reaction. 

\ moisture — ►NO2. 

Na2N203+02 (air) — ►NaN08+NaN02. 

H.N,0.+KM„0. 

NH20H+Cu(0H)2— K:u 20+N20 (mainly). 

NH,OH + N, (mainly). 

(vanadium pentoxide 

+ {nS;^ N.O. 
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{ (strong alk. soln.) — ►nitrite4-N20. 

(weak alk. soln.) — ►•Nj+nitrite+NsO. 

(acid soln.) — ►■NjO+HNOs. 

NH4OH (excess) +CU—>-N2+NH4C1. 

It is believed that the mechanism given for the reduction of nitric acid aids 
in the interpretation of these reactions. 

Further studies similar to those given in this papiT should be made with 
other reducing agents in order to confirm and amplify the theory offered here, 
and to determine, if possible, just what the catalyzer is in cases where cata- 
lysis plays a part. A study of the action of nitric acid on metals should then 
follow logically. 

Cornell University. 



ON ISOTHERMAL REACTION VELOCITY IN HOMO-HETERO- 
GENEOUS SYSTEMS IN THE ABSENCE OF SOLVENT; 
WITH SPECIAL REFERENCE TO THE CONVERSION OF FUSED 
MALEIC ACID INTO FUMARIC AND MALIC ACIDS 

BY KRISTIAN HOJENDAHL* 


General Theory 

The reaction considered under the above heading may be represented by 
Liquid — >■ Solid or Gas. 

Gas — »■ Solid or Liquid, 
the latter at constant pressure. 

The actual reaction may be uni-or multi-molecular according as one or 
more molecules of the reactant are involved in it. If the reaction takes place 
between two (or more) mixed reactants the treatment, which follows, will 
apply only to those cases in which stoichiometrically equivalent quantities of 
reactants initially compose the mixture. 

For the sake of clearness we shall consider the case of a liquid (fused) 
reactant, which is giving rise to one or more slightly soluble resultants. Under 
these conditions we can regard the liquid phase as saturated with the products 
formed. 

Consequently the concentration of these products is constant and equal 
to the solubilities of the products. During the reaction the concentration 
remains constant, but the volume of the liquid phase decreases. As the con- 
centration of the reactant is constant its activity roust also be constant. 
Therefore the probability h, that a molecule can react in unit of time is con- 
stant. 

From this it follows, that the total number of molecules which react 
during time dt is 

-dN = Ntkdt 

where Nt is the number of reactant molecules present at time t. 

The fraction of the total number of molecules in the system or, what 
amounts to the same thing, the fraction of originally reactant molecules No, 
which react during unit time is 


I 

'K 


dN 

dt 


_ d(N„)/NA, 

— - dT^ 


(i) 


If the molar fraction is considered as representing the concentration 
(volume-concentration has no meaning when applied to the composition of Er 


'^Danish Government RaxnBay Memorial Fellow, 
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heterogeneous system) the above expression is identical with the usual ex- 
pression for reaction-velocity for a reaction of the first order. As fc is a con- 
stant even if the actual reaction is multimolecular it will be seen, that the 
reaction even then will appear to be of the first order. If more than one com- 
pound is simultaneously formed from the same reactant both the probability 
ki that a molecule of the reactant can form a comi>ound I and the probability 
fcn> that it can form another compound namely II, must be constant. 

The fraction of the original reactant molecules, which in time i has formed 
compound I is 



Whilst the fraction which during time t has formed compound II is 



Hence the two compounds are formed in the constant ratio 

This shows that the Wegscheider test is bound to hold for two simultaneous 
homo-heterogeneous rexictions, whatsoever the actual order of the reactions may be. 

The kind of reaction to which the foregoing consideration may be expected 
to apply may be illustrated by two cam^s: — 

1. The reaction betwecm ethyl-bromide and dimethylaniline (work upon 
this system is in progress), 

2. The decomposition of molten maleic acid. This is considered in the 
following section. 



Conversion of Molten Maleic Acid Into Malic and Fumaric Acids 

Maleic acid melts at '130-13 1® and decomposes above that temperature 
with measurable velocity to form several products among which fumaric acid 
is the predominant one. Fumaric acid is precipitated during the reaction. 
According to Skraup* i-malic acid and maleic anhydride are formed as well. 

Tanatar* confirms the main results of Skraup. 

Skraup finds, that maleic anhydride is formed in greater amount than 
would be expected from the equation: 

2 maleic acid — maleic anhydride -f- malic acid 

Skraup determines maleic anhydride as the part dissolved in some ben- 
zene present in the heating tube. Probably the presence of benzene has 
affected the process. In the light of subsequent results obtained by the 
writer, it would appear that maleic anhydride is fonned to a minute extent 
by the following reaction. 

maleic acid ipit maleic anhydride + water 


* Monatsheft, 12, 107 (1891); 14 , 501 (1893). 
*Ber. 27 , 1365 (1894). 
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This equilibrium is disturbed if maleic anhydride is removed by benzene. The 
water formed simultaneously can furthermore cause the following reaction: 
maleic acid+ water — malic acid 

wherefore also malic acid is formed in greater amount if benzene is present. 
This probably accounts for the curious results of Skraup. By heating with 
benzene for 2 hours at 120° he obtains 32% anhydride and 10% malic acid, 
while by heating without benzene for 9 hours at 130® he only obtains 12% 
malic acid. 

Weiss and Downs^ have investigated mainly the transformations of 
fumaric acid and maleic acids in aqueous solutions. 

Warbui^^ has investigated the photochemical change: 

fumaric acid5l±maleic acid. 

He finds that fumaric acid attacks glass, a phenomenon the writer has also 
observed. 


Application of the Theory of Homo-Heterogeneous Reaction Velocity 


The following four reactions probably take place in molten maleic acid: 

(I), maleic acid — ^ fumaric acid 

(II). 2 molecules maleic acid — malic acid+maleic anhydride. 

(III) , maleic acid Zfzt maleic anhydride + water 

(IV) . maleic acid + water — malic acid 

The equilibrium for (III) is so much in favour of maleic acid, that this 
reaction and (IV), which depends upon it may be neglected at present. 

If k in equation (i) is not taken to be a constant then (i) is a general 
equation for any reaction. In this case we therefore can write the velocity of 
reaction (II) above thus 


No dt No 

Let N(t, Not and Nht denote the number of fiiolecules of fumaric acid, 
malic acid and maleic anhydride respectively, which during time t are formed 
from No molecules of original maleic acid. Then : 

Nt = No-N,t-No,-Nht 


Nt varies rapidly, due to the formation of fumaric acid by reaction (I), which 
is a swift reaction. 

k2 depends on the concentration of maleic acid in the liquid phase, This 
does not contain fumaric acid but all the other components. The molar frac- 
tion of maleic acid at time t with respect to the liquid pha^ only therefore is: 


Nt_ 

Nt+Not+Nht 

Nat and N),t are formed by the slow reaction (II) therefore N»t and Nht 
are small compared with Nt and also with the decrease in N*. The molar 


1 J. Am. Chem. Soc. 44 , 1118 (1922). 

* Sitzungsber. preuss. Akad. Wiss. 50 , 964 (1919). 
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fraction therefore will remain nearly unity and k2 will with approximation be 
a constant. This means that reaction (II) as well as reaction (I) approximate- 
ly will be of the first order. 

For the same reason the Wegseheider test will hold for the same two 
reactions. 

Analytical Methods 

As to the analytical methods all previous investigations have determined 
fumaric acid as that part, which does not dissolve in water, allowance being 
made in some cases for the solubility of the acid in water. 

For the determination of malic and maleic acids several methods have 
been developed, but the authors themselves state that these methods are not 
very satisfactory. Therefore a method has been developed depending mainly 
on electrical conductivity and titration of total acid. Briefly the method con- 
sists in taking the melt (0.05 gram molecule) dissolving it in so far as it will 
dissolve in 25 ec of water at 25® . This takes several days. It is then filtered, 
the filtrate diluted with conductivity water to i or 1/2 litre and conductivity 
and titration-measunTnents carried out on this, the malic part , of the analysis. 
A certain amount of fumaric acid is dissolved in this part which amount is 
obtained from solubility data. 

The undissolved residue consisting mainly of fumaric acid is then dissolved 
in hot wat(»r and diluted to i or i ; 2 litre. This is sufficient to keep the fumaric 
acid dissolved when cooled. On this part of the analytic mixture, which is 
termed the fumaric part the titer and th(‘ specific conductivity are determined 
in a manner quite similar to that employed in the malic part of the analytical 
mixture. 

The experimental values for specific conductivity and total acid are then 
employed in the fonnulae deduced in the following. 

The Specific Conductivity of Mixed Aqueous Solutions of Inactive Malic, 

Maleic and Fumaric Acids 

Arrhenius' has considered the ionisation of mixed electrol5rtes and outlined 
the theory of isohydric solutions. F. Barmwater^ has calculated the conduc- 
tivity of mixed vsolutions of two weak acids on the basis of the mass-action 
equation. He arrives at a third order equation. 

In the treatment given below equations of the third order are to a large 
extent avoided. The terms occurring in the various equations employed are 
as follows: — 

O'* the specific conductivity of the solution. 

constant experimentally determined to be 2.575 

and Cf denote the concentrations (moles per litre) of malic, maleic 
and fumaric acid respectively. 

» Z. physik. Chem. 2, 284 (1888). ♦ 

» Ibid. 45 , 557 (1905)- 
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3.99X10“^; k„,»=i.34Xio"* and k{»9Xio'^ denote the first stage dis- 
sociation-constant for the acids. 

7«» Tin Tf denote the degrees of dissociation of the -thr^ acids respectively 
in the mixture. 

T=the total acid (moles per litre) determined by titration. 

To render the treatment feasible it is necessary to make certain reason- 
able assumptions. In the first place the conductivity has to be determined at 
concentrations, at which the gas laws hold. In the second place the second 
stage of dissociation has been neglected as being very small compared with the 
first. In the third place the mobilities of the three acid anions have been 
assumed to be equal. This of course only holds because of the very similar 
size and constitution of the acid anions. In consequence of this the specific 
conductivity of the mixture may be put proportional to the concentration of 
hydrogen ions. The proportionality constant is K. Therefore 

<rK=c,7a+CmTin+CfYf- (i) 

Applying the law of mass-action to the dissociation we get: 

(2) 

C,(i-Ta) 

and similarly for the other two acids. 

Substituting <rK for the concentration of hydrogen ions; 

l-'K-k. 

I -7a 
or 

== _J^» — and two similar equationsa 
irK+ka 

Substituting these values of 7^, 7n, and 7f in equation (i) we obtain: 


(rK+ka ■ crK+k^ <rK+k, 




<tK = 


^ka , <’nikm 

l+hfL. i+li™. 
^«rK ^(tK 


+ 


Cfkf 

AtK 


(3) 


(4) 


One more equation is needed. This is obtained by titrating the solution: 

(5) 


r — Ca + Cm+Cf 

Whence : = t — C f — Ca 

Inserting this in equation (3) we obtain: 


ss I (r-Cf) k ^^ ^ I Cfkf 

<rK+ka o-K+ka, aK+k^ <rk^+kf 

From this the following formula for the determination of the concentration 
of malic acid in the mixture is obtained: 
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(T**Cf)km kf (fK 

C, . g-K+kn, <rk+kt (g) 

ktn ^ kjj 

crK+kpi <rK+ka 

As mentioned earlier Cf is known from solubility measurements. c„, is 
then calculated from (5). 

The expression to be used for the fumaric part of the analysis is obtained 
from the above by changing the suffixes and neglecting the very small mag- 
nitudes containing Ca 
It is: 

«rK- ^ 

_ ffK+k, (7) 

aK + k„, crk-f kf 

To verify the formula deduced, conductivity measurements of mixed 
aqueous solutions of maleic, malic and fumaric acid were carried out. The 
ordinary Wheatstone-bridge method with telephone was employed. The 
results are given in the following two tables. The temperature is 2 5° ±0.1 


Cm 

Ctt 

Exf)erimental 

conductivity 

C'alculatcd 

conductivity 

0.0495 

0 . 0000 

0 007746 

0.007750 

0.0445 

0 . 0049 

0.007293 

0 007270 

0.0396 

0 0099 

0.006850 

0 006785 

0.0347 

0 0148 

0,006310 

0.006272 

0 0297 

0.0198 

0 005740 

0 005730 

0.0248 

0.0247 

0.005150 

0.005140 

0.0198 

0.0296 

0.004550 

0.004515 

0.0148 

0.0345 

0.003880 

0.003840 

0.0099 

0 0395 

0.003123 

0 003105 

0 . 0050 

0 . 0444 

0.002373 

0.002377 

0 . 0000 

0.0493 

0 001630 

0.001645 

Cf 

Cm 

Ca 

Expt»rimental 
conduct ivitj' 

Calculated 

conductivity 

0.005 

0.045 0.000 

0.007266 

0.007265 

0.005 

0.03s 

0.010 

0.006247 

0.006293 

0.005 

0.025 

0,020 

0.005094 

0.005178 

0.005 

0.015 

0.030 

0.003843 

0.003900 

0.005 

0.010 

0.035 

0.003143 

0.003198 

0.005 

0.005 

0.040 

0,002439 

0.002459 

0.005 

0.000 

0.045 

0.001746 

0.001748 


Itiat the experimental conductivities in the latter table are rather low is 
probably due to the attack of fumaric acid on glass as observed by Warburg. 
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The Reaction-Velocity Measurements 

The materials employed were kindly presented by Messrs* Weiss and 
Downs. 

The maleic acid was purified by recrystallisation from acetone solution. 

The investigations were carried out in a gas heated and electrically regu- 
lated thermostat containing liquid parafiin. The bulb of the thermoregulator 
was filled with air and the temperature was kept to 0.5® . The thermometer 
used was specially made and was calibrated by the National Ph3^ical Labor- 
atory (England) to 0.1° 

Owing to the effect of fumaric acid on glass as stated previously the vessels 
containing the reacting mixture were test tubes of fused quartz. The walls 
of these were very bad heat conductors. Hence the charge (5.8 grams maleic 
acid + 1 gram fumaric acid) was fused over a bunsen-burner, whereupon the 
tube was immersed in the thermostat and left there for a given time, after 
which the tube was taken out and the contents cooled suddenly by adding 25 
cc of water. 

The mode of analysis has already been described. 

The results of the measurements are collected in the following tables and 
diagrams. 

Table I 

Temperature 139 . 6 ^ 0 . 


time 

sec 

fumaric malic maleic maleic kum 

acid acid anhv- acid fumaric 

drirfe 

kum 

malic 

kbi 

malic 

Wegschei- 
der test 

546 

0.052 0.008 0,008 0,932 7.5X10"^ 

I .SX!©”"® 

i.6Xio~® 6.5 

3270 

0,213 0.042 0.042 0.703 6.98 

1-54 

2 . 2 

507 

6980 

0.368 0.080 0.080 0.472 6.91 

I 50 

32 

4.60 

12420 

0.511 0.105 o.ios 0,279 7.2 

1.40 

50 

4.77 


average 7.2X10“’® 

1 .50X 10“ 

& 

4.85 


Table II 





Temperature 149,8^0. 




time 

sec 

fumaric malic maleic maleic kuni 
acid acid anhy- acid fumaric 

dride 

kuni 

malic 

kbi 

malic 

Wegschei- 
der test 

990 

0.138 0.033 0.033 0.796 11.4X10-'® 

3.4X10"® 

4.8Xio“‘ 4.2 

3480 

0.312 0.082 0.082 0.523 10.9 

3-3 

6.4 

3 78 

7200 

0.490 0.13 1 0.13 1 0.248 12.5 

31 

II. 9 

3 - 7 S 

14190 

0.657 0.153 0.153 0.038 



4-3 


average 11.4X10"® 

3.3X10“® 


4.0 


The values for maleic anhydride are calculated on the assumption that 
malic acid and maleic anhydride are formed in equal amounts according to the 
equation 

2 molecules maleic acid — malic acid + maleic anhydride. 

Reaction velocity data were likewise obtained in glass vessels. They are 
not as exact as those quoted and are consequently omitted here. 
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Discussion of Results 

It will be seen, that the measurements give results, which are in close agree- 
ment with the theory. 

Especially the curves for malic acid are unimolecular with an exactness 
equal to the experimental error. It is surprising that the fumaric acid especial- 



2000 6000 10000 14000 

DlA<iRAM I 


ly in the latter table shows a deviation from the unimolecular scheme, which 
is definitely outside the experimental error. This deviation may be due to the 
reaction : 

Maleic acid maleic anhydride + water 
the equilibrium for which at the lower temperature 140° is entirel}" in favour 
of maleic acid, as shown by the applicability of the preceding theory. At 150® 



it may be shifted sensibly from left to right in the earlier stages of the run. 
Later on this r(*action will go back again partly because of the disappearing 
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maleic acid and partly because of the maleic anhydride formed by the reaction: 

2 moles maleic acid — ► malic acid+maleic anhydride 

At 140® the dissociation of maleic acid into anhydride and water is con- 
siderably smaller although appreciable. The velocity-constant for fumaric 
acid therefore is a better constant. 

At 1 60® on the other hand the dissociation is so prominent that the vapour 
pressure of water +anhydride is equal to i atmosphere. At this temperature 
maleic acid boils with decomposition to water and maleic-anhydride vapour. 

The Infra-Red Absorption Band 

The critical increment or energy of activation of the reaction: 

maleic acid — >- fumaric acid 
can be determined by help of the Marcelin-Rice equation: 

d loge kun» E 
"dT KP 

Inserting the average values of kun, for fumaric acid from the tables the 
following value is obtained: 

E=* 15800 cal 

From this the position of the infra-red absorption-band^ is calculated using 
the equation: 

E^hi' 

A wave length of X == i . 8om is obtained. 

This has been verified experimentally using a Hilger infra-red spectro- 
meter and a radiomicrometer®. As source of radiation a Nernst glower was 
used. 

A cell containing fused maleic acid was obtained in the following manner. 
Fused maleic acid was placed between two heated sheets of quartz and allowed 
to cool. The sheets were then placed between the Nemst glower and the 
spectrometer. After some time the central part of the film of solid maleic 
acid melted. By regulation of the current through the Nemst glower it was 
arranged, that the central part was kept just molten. The edges of the film 
were kept solid by screening the radiation, the solid maleic acid thus formed a 
part of the cell. As solid fumaric acid was formed in the melt no attempt was 
made to obtain any extinction-coefficient. The result is shown in the appended 
diagram (3), which shows the deflections observed in the case of three samples 
of maleic acid. The fourth curve shows the deflection observed for the case 
of the Nernst glower itself. In this case the width of the slits has been re- 
duced so that the observed deflections might be comparable with the other 
readings. Curve IV gives the shape which the deflection curves would possess, 
if no selective absorption were present Such curves are represented by dotted 

* Lewis: J. Chem. See. lOQ, 796 (1916). 

* See Taylor and Lewis: J. Chetn. Soc. 121, 665 (1922). 
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lines. The divergences represent the selective absorption. The observed 
bandheads viz. 1.80, 1.85 and 1.75M are in good agreement with the calcu- 
lated value 1.80/Li. No other band was observed in the region 0.8 to 3.5/1 
Beyond 3.5/i there seem to be more bands, but the deflections for this region 
were too small to give any trustworthy values. 

In connection with this work it was observed, that maleic acid is dimorph- 
ous. The crystalline film formed by the solidifying of the fused maleic acid 
changes after a short time into a white aggregate of crystals. 

Dimorphous maleic acid has been 
observed crystallized from different 
solvents by Biilmann and Lund. 

On the Absolute Value of the Velocity- 
Constant of the Transformation 
of Maleic to Fumaric Acid 

It is of interest to compare the 
observed unimolecular velocity- 
constant of the formation of fumaric 
acid from fused maleic acid with that 
calculated on the basis of the radiation 
hypothesis of thennal change and also 
with the empirical equation of 
Dushman, the latter being known to 
agree satisfactorily with the unimole- 
cular (but catalysed) velocities for 
the decomposition of gaseous phos- 
phine and gaseous nitrogen-pentoxide 
respectively. 

As pointed out by W. C. M, Ix'wis* on the assumption that the rate of 
absorption of energy by a Planck oscillator is continuous it follows that the 
unimolecular velocity-constant should be given by: 

j-E 

RT 

Kui = 2 . 465 X I o 

Dushman ’s equation is: 

-J? 

RT 

kuni *^0 

In the case now under consideration the experimental values of E and 
are: 

E*» 15800 cal; 1 .667X 10'^ per sec. 

Dushman’s equation gives: 

kunij*«7.8Xio* 

‘ Phil. Mag. 30 , 26 (1920). 



Diagram 
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Lewis’ equation gives for n i : 
kuni = 3-3XlO~* 

whilst the experimental value is: 

kuni^raXio'"® 

The observed velocity-constant lies nearer the equation of Lewis than that 
of Dushman, but there is no quantitative agreement. It is the first known case 
in which the observed velocity constant is less than that given with the radia- 
tion-hypothesis using Planck*s oscillator. 

It is to be concluded apparently that the rate of decomposition is much 
less than the rate at which active molecules are formed, i.e. the majority of the 
active molecules become de-activated instead of decomposing. It is possible 
that in a homogeneous liquid state we are here dealing with a case in which 
collisions are significant for deactivation. 

Summary 

(1) . An expression for the reaction-velocity in homo-heterogeneous 
systems has been outlined. The expression arrived at shows that the process 
will apparently be of the first order even if the actual reaction is multimolecu- 
lar. Hence the Wegseheider test necessarily holds for two simultaneous homo- 
heterogeneous reactions. Catalysis generally will give a deviation from the 
first order. 

(2) . An expression for the electrical conductivity of aqueous mixed 
solutions of maleic malic and fumaric acids has been deduced and tested 
experimentally. An analytical method based on electrical conductivity- 
measurements and titration of acid has been developed for the analysis of a 
mixture of maleic, malic and fumaric acids. 

(3) . The rate of formation of fumaric and malic acid respectively formed 
from maleic acid in the molten state has been determined experimentally at 
the temperatures i4o°C. and iso®C. In accordance with the theory outlined 
above both of the reactions: 

maleic acid — fumaric acid 

and 

2 molecules maleic acid — malic acid + maleic anhydride 
are found to be of the first order. 

(4) . For the case of the reaction 

maleic acid — fumaric acid 

the critical increment and the position of the infra-red band have been calcu- 
lated. The latter has been determined experimentally. A good agreement 
with the calculated value is obtained. 

(5) . The observed velocity constants have been compared with certain 
theoretical expressions. 

The author wishes to express his thanks to the Ramsay Memorial Fellow- 
ship Trust and the Danish Committee for the award of a grant. 

MuepraU Laboratory 
of Physical and Electrochemistry ^ 

Vniversity of Lwerpool. 



NITROCELLULOSE AND CAMPHOR 

BY J. B. NICHOLS 


As part of my senior research in the autumn of 1922 I was asked by Pro- 
fessor Bancroft to determine, if possible, whether camphor peptized or dis- 
solved the nitrocellulose known as pyroxyline. If the pyroxylin went into 
true solution, wo could determine its molecular weight. If it did not, we had 
made a definite advance towards the theory of the formation of celluloid. 

The method employed consisted in determining whether small additions 
of nitrocellulose did or did not low^er the freezing-point of camphor. A Beck- 
mann thermometer was set for a range from 170® to 176®. The camphor was 
placed in a freezing-point tulx^ equipped with the thermometer and a copj^r 
stirring rod; this tube was surrounded by a larger tube which gave air insula- 
tion from the bath of Crisco. As the result of several determinations, the 
melting-point of camphor was found to be 17 2 .1® or 175.5® when corrected 
for the error due to the tunergent stem. The camphor did not have a sharp 
m(‘lting-point, however, and became slightly browmish after several heatings 
and coolings. This might Ik^ due either to pieces of cork falling into the 
camphor or to the copjier stirring-rod, so both sources of error w^re eliminated. 
A glass stirring-rod wiis substituted for the copper one and the hole through 
the cork w^as prot(*cted by a shoi1 piece of glass tubing. Camphor sublimes 
so readily that it was found necessary to bring the level of the bath as near as 
possible* to the top of the tube. These changes eliminated the brownish dis- 
coloration. 

When pyroxylin was added, it apparently W(*n1 into solution and the 
freezing-point was lowered 6®-8®. A quantity of bubbles was given off, 
however, indicating the probable decomposition of the celIulos<' in molten 
camphor at 180®. The mixture solidified to a r(*ddish-brown mass and had a 
sickening odor similar to that of acrolein. Another sample of camphor was 
m(»lted and pyroxylin add(*d; but the gas evolved was collected in a gas- 
sampling tuln*, the first 100 cc being discarded as chiefly air swept out of the 
freezing-point tube. The next 100 cc of gas w^ere analyzed and were found to 
consist of carbon dioxide, carbon monoxide, nitric oxide, and nitrogen with 
no hydrocarbons and no hydrogen. This anal3"sis agrees with that made by 
Pfyl and Rasenack* of the gases given off during the slow decomposition of 
nitrocellulose. It seems therefore safe to conclude that the gases come from 
the decomposition of the nitrocellulose and not from the camphor. 

If some substance could be added to the camphor which would lower its 
melting-point, it might prove possible to add nitrocellulose without decom- 
position, though that introduces the peculiarities of ternary mixtures. Mono- 
brom-camphor seemed the best choice because it melts at 76® and does not 
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boil until 274®. A preliminary run showed that pyroxylin has no effect on the 
melting-point of monobromcamphor. Since some pyroxylin seemed to dis- 
solve, this showed that monobromcamphor peptizes nitrocellulose to some 
extent; but when more than two percent of nitrocellulose was added, the 
monobromcamphor peptized it with difficulty. 

The freezing-point curve for mixtures of camphor and monobromcamphor 
was then determined and the eutectic was found to occur at 62.3® with a 
composition of 15% camphor and 85% monobromcamphor. The data for 
the curve are given in Table I. 


Table I 


% Bromcamphor 

F.Pt. (corr.) 

% Bromcamphor 

F.Pt. (corr.) 

0. 

175 

83-3 

84.0° 

16.7 

1570 

84.0 

63-15 

28.6 

142.4 

84.7 

62.5 

40.0 

127.3 

85.5 

62 .3 

48.2 

114.9 

87.0 

63-7 

62.5 

91.8 

90.9 

67 .0 

71.4 

77-85 

100.0 

74-8 


Since the volatilization of camphor from a mixture with monobromcam- 
phor would change the composition and the freezing-ix>int, it was not safe to 
go above 100® and a water-bath was therefore substituted for the Oisco hath. 
To a mixture of 20 grams of monobromcamphor and 5.8 grams camphor, 
having a freezing-point of 71.2° there were added 0.2 grams of pyroxylin. A 
careful determination of the freezing-point gave a value of 70 8° or a lowering 
of o 4°. Addition of o .2 grams pyroxylin lowered the frtrezing-point another 
0.4®, to 70 -4°. Another run was made, using a different mixture freezing at 
about Qo°, and approximately the same results were obtaind. These data 
seemed to indicate that, pyroxylin dissolves in melted camphor. Using 
49800 as the ciyoscopic constant for camphor, the molecular weight of the 
nitrocellulose came out about 4300, indicating a formula with n=s 16, 

It was possible, however, that this lowering of the freezing-point might 
be due to moisture adsorbed by the nitrocellulose and it was calculated that 
this lowering of the freezing-point might be obtained if the pyroxylin contained 
o . 5% water. A couple of drops of water were added to a mixture of camphor 
and monobromcamphor freezing at 91 9°, and the freezing-point was lowered 
nearly two degrees. 

A one-gram sample of pyroxylin was therefore dried for a day in a vacuum 
desiccator over sulphuric acid and was then reweighed. It was found to have 
lost the 0.005 grams of water which was supposed to be present. To a mix- 
ture of 15 grams monobromcamphor and 6 grams camphor freezing at 78.4°, 
there were added o . 2 grams of thoroughly dried nitrocellulose. No lowering 
of the freezing-point could be detected and a further addition of 0.2 grams 
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had also no effect. In order to check this, 0 . 2 grams of dried pyroxylin were 
added to another mixture freezing at 91 . 1° and no change of freezing-point 
could be detected. 

This proved conclusively that no true solution is formed and that camphor 
fwptizes nitrocellulo6(‘. With the specially-dried pyroxylin, pei)tization took 
place almost immediately, while peptization was relatively .slow with the 
pyroxylin containing traces of moisture. The addition of more than 7-8% 
pyroxylin (referred to camphor) rendered the mixture so viscous that no 
definite freezing-point could Iw determined. 

The general results of this work an*: — 

1 . Pyroxylin decomposes when added to melted camphor, jnelding carbon 
dioxide, carlmn monoxide, nitrogen, and acrolein. 

2. Monobrorncamphor pt'frtizes pyroxylin slightly. 

3. The camphor-monobromcamphor freezing-point curve has b('en deter- 
mined. The eutectic temjM'rature is 62 3° and the eutectic composition 85*^7. 
monobrorncamphor. 

4. Small amounts of mf)istur<' in nitroeellulo.s«' decrease the rate of pep- 
tization by camphor. 

5. Nitrocellulose do<'s not lower th<* freezing-point of camphor. Camphor, 
therefore, i)optiz<'s pyroxylin and does not carry it into true solution. 


Cornell Univernty. 
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Colloid Chemistry. By The Svedberg, X 16 cm; pp. 265. New York: The 
Chemical Catalog Company, 1924. Price: iS.OO. This monograph is based on a series of 
lectures given at the University of Wisconsin during the spring and summer of 1923. The 
general treatment deals with the formation of the colloid particle, the colloid particle as a 
molecular kinetic unit, and the colloid particle as a micell. There should be a fourth part 
on the destruction of the particle; but that cannot be written at present owing to lack of 
data. 

^*The science of colloids is, as a rule, dealt with as a part of physical chemistrj*. This 
assumption may be all right and to a considerable extent founded in the nature of the colloid 
phenomena but, admitting this, we should bear in mind that the principle used in collecting 
the colloid phenomena and arranging them to a science is not the same as the principle used 
in putting together or discerning the ordinary branches of physics and chemistry. Colloid 
chemistry, for instance, is not like electro-chemistry, photo-chemistry, thermo-chemistry, 
electricity, etc., the science of a certain group of phenomena, it is the science of a certain 
group of material systems, the science of systems of a certain structure. In this respect, 
colloid chemistry resembles to a certain extent, bio-chemistry. Bio-chemistry is the science 
of certain systems — not so much certain phenomena,’’ p. xi. 

“Research in colloid chemistry is at present working along two different lines: (i) 
the study of artificial systems of greatest possible simplicity with the object to find out 
general laws; (2) the study of natural systems which appear in the organisms or as technical 
products of high importance, wth the object to learn their properties and the way to their 
synthesis. These two branches of research ought to support one another, the former can 
give directive rules for the latter; the latter offers suggestions and occasionally pure-culti- 
vated systems to the former branch. The systems which the latter branch is treating are 
as a rule rather complicated; and, frequently rather ill-defined. We may ask if it would not 
be more rational to confine research to an intense study of the former class of systems — 
the more simple colloids, — and leave the second class for the present. The answer is, that 
the systems of the second class are of such overwhelming importance that every little prog- 
ress today is of the greatest value — we cannot afford to wait for the general results which 
no doubt the former branch will give us, we must see what can be gained now. On the other 
hand I think it might be worth while to hear in mind that in the long run the simpler systems 
will be of considerable importance for the study of the systems of the latter class; nay— it 
might be the only way to get results of a more permanent value.” 

Svedberg’s point of view is not quite that of some of us, p. 12. “The chief problem 
of Colloid Chemistry is the investigation of the structure of colloid systems. The astonish- 
ingly rapid growth of this science may be attributed to the fact that l)oth Chemistry and 
Physics have for a long time been develojied without regarding the influence of ultramicro- 
scopic structure on a great many phenomena. Now wo know that the main part of all living 
beings is built up of colloids, of systems possessing a specific structure; and, that a number 
of very important technical products derived from organisms are colloids — hence the great 
interest which the bio-sciences or the medical sciences and industry take in colloid chemistry. 
So, for instance, to name some technical applications, colloid chemistry is of importance in 
the industries of tanning, dyeing, fermentation, cellulose products, starch, gelatin, glues, 
soaps, rubber, nitrocellulose, celluloid, textile products, dairy, agriculture, bread-making, 
asphalt, petroleum, photography, clay products, cements, in the purification of water, etc. 

“The important thing in colloid chemistry is not to measure all possible properties 
of l^e colloid system; it is to find out its structure in a wider sense of the word — for this 
knowledge will enable us to arrange the colloid systems within the general frame of chemistry 
and physics. It is because we do not know the structure of the colloid that we are forced 
to make a special science of them.” 
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On p. 17 is the clearest statement that the reviewer has yet seen of what the physi- 
cists mean by molecular weight. *‘The theory of the Brownian movements was worked out 
by Einstein in 1905 upon the assumption that it is due to the impacts of the surrounding 
molecules and that the translatory kinetic energy of a suspended particle is equal to the 
energy of a molecule. We have been able to check up this theory and we have found that 
the particles behave indeed as if they were heavy molecules — the molecular weight corre- 
sponding to the apparent weight of the particle.” There are really two definitions here 
though they are apparently int<*rchangeable and therefore interdejiendcnt. The molecular 
weight of a substance is the weight of the mass of that substan(;e which has the same trans- 
latory kinetic energy as two grams of hydrogen gas at the same temi^erature. The apparent 
weight of a suspended particle is its molecular weight. Neither of these definitions — if 
there are two — will be acceptable to the chemist and it is a pity to use any scientific term 
in two quite distinct terms. Soddy claims that the chemists should abandon their usage 
because the definition of the physicists is l(*88 vague. One might ask whether the definition 
of the physicists has yet proved its value. 

On p. 59 the author seems to have made trouble for himself unnecessarily. '‘Besides 
the nuclear method, there is another very curious w^ay of varying the degree of dispersity 
when making a gold colloid, namely, by exjKising the reduction mixture to ultraviolet light 
during the reduction. Nordenson, working in the labonitory of the writer, found the follow- 
ing phenomenon. If you take a dilute gold chloride solution and add hydrogen peroxide, 
the reihiction proceeds very slowly -will take perhaps one-half hour and we gel a very 
coar8<‘ colloid. Now if we <?xpost‘ the nnluction mixture to ultraviolet light, the velocity of 
reduction increases very rapidly and we get a fine-grained colloid. The length of exposure 
detennines the degree of disfiersion. An exjxisure of 25 se(\ to the light of a strong mercury 
quartz vapor lamp reduces the size of the partu‘les from say 100 pp — the size we get with- 
out illumination — to 10 pp. 

”A satisfactory explanation of this i>ecuhar process has not yet lx*en found. It is 
evident that the number of nuclei is mcreasM'd by the action of the ultraviolet light, but the 
mechanism of this action is quite unknown. The light itself has a .slight n^ducing action, 
t.c. if no hydrogen peroxide is added, we still get a sol, — but a very coarse one, and it takes 
a consulcrable time to get the gold chloride reduced.” 

To the review’er it seems that hydrogen peroxide acts as a depolarizer, increasing the 
efficiency of the light. The reaction can then lie written: 

2 AiiC 1 , + 3HjO*-2 AuH-6HCI+30j 

There is a very interesting discussion of the photographic emulsion, pp 68-78. “The 
most important of dissociation processes is, of course, the dissociation of the silver halides. 
Lorenz found that if we expose* an optically empty crystal of silver bromide to light, there 
are produced particles that can lie seen in the ultrainicroscojK* and they, no doubt, consist 
of metallic silver. If w^e expose halides to a very feeble illumination no particles can be seen 
but upon treating the halide with a developc*r. i.e a reducing agent of proper reducing po- 
tential, reduction to metallic silver takes place. Probably there are present very small 
silver particles in such feebly expofk'd halide cry.stals —particles too small to be seen in the 
ultramicroscope. The photographic process is very likely based on the formation of such 
ver>" small silver particles in or on the surface of the silver halide grains in the film, and the 
writer, therefore, thinks he is justified in giving a short re|)ort on the recent advances in the 
study of the photographic processes under the heading of formation of disiierse systems by 
dissoiuation .... 

statistical study of the jiercentage number of grains remaining unclianged after 
development in contact w'ith developed grains has given the result that there is no affecting 
of a grain by the reduction process in another grain close to it. According to experiments 
in the Eastman Kodak Laboratory, there is, however, such a transfer in cases where the 
crystals are in actual molecular contact with each other, i.e. where the grains have actually 
become part of one and the same crystal building. If there is a thin layer of gelatin between 
the particles, there is no development of one grain by the other. 
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**We have also measured the diameter of the grains left after developing and dis- 
solving away of silver and compared this value with the diameter of the same grains before 
development. It was found that the diameter of those grains is not changed even if they 
are close to a grain that has been reduced. It, therefore, seems that at least in certain 
cases the halide grain is the unit in the photographic process. It is either developed as a 
whole or not developed at all. 

^ 'There are, however, cases where a complete reduction of the grains does not take 
place. If we add very much potassium bromide to our develops, and study the grains 
before and after developing and after removing the silver, some of the remaining grains have 
become irregular in shape showing that part of them has been developed and then dissolved. 
This is rather important for practical photographic work, for the structure of the silver in 
the negative depends on whether the whole halide grain has been reduced or not. If it is 
reduced only partly, we get another kind of graininess in the negative. So f r certain pro- 
cesses it is better to use a developer that does not reduce the whole grain but just part of it. 
From this practwjal point of view, it is important to study the conditions for complete and 
incomplete development . . . . 

"If we sum up the results arrived at by using these new methods for studying photo- 
graphic processes, we have the. following facts. The halide gniin is the unit of the photo- 
graphic process. At least under certain conditions, it is made either completely developable 
or not developable — we have simply to measure the pi^rcentage numljer of developable 
grains. For a-rays and /3-rays we probably have the same kind of curve- -the exponential 
line. In the case of a-rays, the exponent is actually equal to the numlx^r of a-rays striking 
the grain; in the case of /S-rays, the numlier is smaller. It has l>ecn i) 088 ible to make the 
starting points of development visible. Those jioints or <levelopable centers are compara- 
tively few in number and they increase with exiKJSure. At least one center is necessary to 
make a grain developable and accordingly the percentage number of developable grains for 
a certain exposure is given by the formula 

P = (ioo— e~'') 

We can calculate the average numljcr of ecnten? from the number of developable grains. 
If we trace the curve showing the relation l>etween exposure and numV)er of centers per unit 
area of grain, we get for the a- and /3-rays a straight line, and for light a curve that at 
first is convex and then goes over into a straight line. For a- and prolmbly /3-ray8, this 
number means the number of a- respectively /3-part icles absorlxHl per unit area of the 
surface of the grain and is probably the same even for different emulsions. In the case of 
light, however, we get different curves for different emulsions." 

"It seems to me that all the facts so far known may he explaimxl on the basis of the 
following hypothesis. The surface of the halide grain is capable of supplying the material 
for the formation of a developable center in all its points, but the sensitivity — defined as the 
least amount of energy required to make a certain spot reducible by a developer of a certain 
reduction potential - varies from point to point considerably. The variation in sensitivity 
is i>robably due to the action of the gelatin and other substances added to the emulsion, 
and to the way of making the tmiulsion. 

"The energy of th(? a-particles is high enough to produce a developable center — 
probably an ultramicroscopic silver particle big enough to act as a condensation center — 
wherever it strikes the grain. We accordingly get the exponential curve and the number 
kt in the formula 

P*ioo(i — 

is equal to the number of a-particles striking the grain. The energy of a /3-particle or of 
a high-frequency quantum (short-waved X-rays) is stiff high enough to produce a develop- 
able center; but every /3-particle and every X-ray quantimi striking the lialtde grain does 
not give off energy enough in the surface layer of the grain. We therefore get an exponential 
curve obeying the above equation, but kl is less than the number of ^-particles or of quanta 
striking the grain, or even absorbed in the grain. It is also possible that not all the spots of 
the halide grain surface are sensitive enough to jS-particles or X-ray quanta. The energy 
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of a quantum of ordinary is too small to give a developable center. It is necessary 
that a certain minimum numl)er of light quanta are absorbed within a certain maximum area 
of the grain surface to produce a developable center. Hence we get a curve with an inflexion 
pointy and a big number of quanta must be absorbed per grain to make a developable center. 

‘^This assumption would involve the hypothesis that those centers or starting points 
would probably consist of a little nucleus of silver, a tiny colloid silver particle, and that it 
is necessary that this silver parti<‘le re4ich a certain minimum of size before it can act as a 
condensation nucleus in the process, just as Zsigmondy has found that the gold particles 
must reach a certain size to act as nuclei in the gold reduction process.” 

We are of course interested in Svedberg's views on adsorption, pp. 167-178. “If 
we try to define adsorption it is obvious that in the extreme, adsorption is very different 
from chemical reaction, but also that there are eases wdiere the difference is not so marked. 
A very striking feature is that adsorption often takes place in cases wiuTc we hardly would 
exfK*ct any chemical reaction r g. the adsorption of the noble gases by charcoal and the 
adsorption of different inactive .subsfance.s by the noble metals, platinum, etc. Even in 
cases where w'c have never found any chemical comfmiinds — -c.^. in helium and argon — 
there is a very marked adsorjition. The volume of argon adsorlwHl by one gram of cocoanut 
charcoal at q® C, is 12 w , with hydrogen only 4 cc., and with nitrogen 15 cc. 

“This shows that the forces involved in the adsorption phenomena are, as a rule» 
rather different from the forces in ordinary chemical compounds. We have never been able 
to isolate a chemical conqxiund containing argon, yet we have in it such a marked adsorp- 
tion. 

“If we try to imagiru^ the forces involved, we might assume that at the boundary 
siirfaei* part of the valences binding tla* atoms together are free in the form of .secondary or 
partial vaien<*(*s and that they are responsible for adsorjition That would make possible 
a certain distinction lietween (‘hetnical compounds and adsorption compounds, the former 
being built up chietly by means of primary valences \aturally, in the future when we are 
able to cah'ulate th<‘ fore(' between the electrons and the positive nuclei in the atoms, the 
diffen'fice In'tw^en chemical compounds and adsorption compounds wull probably be less 
marked than it is now. At h*a.st, we hojM* that it will Im‘ possible to account for all phenom- 
ena, physical and chemical, bv calculating the forces lad ween the mole<*ule8 and electrons 
and atoms. If those atoms are all <*lecfrieal in nature, the force holding the atoms together 
in a chemical compound such as NaCl and the force binding argon atoms at the surface of 
charcoal, would be of tlie same nature 

“Ijangmuir’s theory of adsorjition involves the assumption that the forces acting 
in adsorption are <if nearly the same kind as all fon*es causing chemic‘al combination. From 
the fHiint of view' of the modern (‘oneeption of the atom, we might say that atomic forces 
wem to U' d(‘velo|K*d from the deviations of the orbits of the outer electrons in the atoms. 
The forces acting in ordinary chemical coinjxumds would bo due to wry strong deviations 
of those orbits. In lulsorption phenomena the forces acting should l>e due to comparatively 
small deviations. When w^e come to measurements of adsorbed gases at high pressures, we 
find considerable deviation from the values calculated from Langmuir’s formula. 

“The basis for Langmuir’s theory is that on the surface of a crystal there are a certain 
number of what he emails elementary spaces, i>oints where there is residual valency. The 
forces acting in adsorption are concentrated at those points and adsorption consists of a 
fixing of the adsorlied atoms in the elementary spaces for a certain time, the average life 
of an adsorbed atom or molecule on the surface. He also assumes that those spaces can, 
as a rule, hold only one atom or molecule, te. that the adsorbed layer is only one molecule 
thick. That means that the force betwwn the atoms of the surface and the atoms of the 
adsorbed substance decn^ase rapidly wdth the di8tan(‘e between the atoms. They wdll only 
act when the atoms are very close together. He arrives at an expression between the con- 
centration in the solution and the adsorbed quantity by assuming that there is equilibrium 
bt tween the rate of adsorption and the rate of deadsorption, or in the case of a gas the rate 
of condensation on the surface and the rate of evaporation .... 
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^ ^Another adsorption theory which I would like to mention is one representative of 
quite the opposite point of view and that is the Eucken-Pol&nyi theory. The leading ideas 
in this theory were first published by Eucken and then worked out by Poldnyi. The basic 
assumption is that the adsorbed layer does not consist, as in Langmuir’s system, of a single 
layer of atoms or molecules, but it consists of a polymolecular laver with a density varying 
continually from the adsorbing surface out into the free gas or liquid — a sort of an atmos- 
phere of adsorption. He assumes that the condition near the surface is like the atmosphere 
around the earth. At every |>oint, we can define a function that expresses what he called 
the adsorption potential. By this, wc mean the work done by transporting the mass unit 
of the adsorbed substance from the point in question to infinity. By means of the adsorp- 
tion potential and by the van der Waals’ equation, or, in the case of very low pressures, the 
simple Boyle’s law, he has actually been able to account for adsorption phenomenon in 
gases. Experimental evidence at present is not sufficient to decide which of those theories 
will prove to be the most useful one. In certain cases, perhaps, the Poklnyi point of view 
' will be the most suitable one, but, on the whole, Langmuir's theory gives a more defininite 
formula, and is easier to prove experimentally.” 

The reviewer was very much interested in the discussion of cataphoresis, p, 197. 
“One might be inclined to assume that the potential difference displayed in cataphoresis 
is the same one as the substance of the particle would show when used as an electrode in a 
galvanic cell. A metallic particle immersed in a very dilute solution of one of its own salts 
would then give a potential difference according to its solution pressure. 

“A few years ago some scientists actually held the above view and Billiter tried to 
determine the absolute zero potential by means of a method based upon such an assumption. 
We know now, however, that the potential difference w^hich causes cataphoresis is not the 
same as the interface potential between the particle and the liquid, as measured in a gal- 
vanic cell. An experiment in favor of this view is that the electrokinetic potential difference 
is changed by the addition of ions — especially such ions as are strongly adsorbed, and it is 
therefore natural to assume that this potential difference is to a large extent due to the diff- 
erence in adsorbed charges — to the different adsorption of ions. 

“Freundlich and his co-workers have thrown some light upon this question. They 
have measured statically the potential between the surface of the particle and the liquid, and 
also determined the electrokinetic potential for the same substance. Take for instance a 
glass tube and blow a very thin bubble at the end. Then immerse it in a solution and fill 
the inner part with an electrolyte. The interior of the glass bubble is connected to one side 
of an electrometer by means of a platinum wire and the outer liquid to the other side over a 
reversible calomel electrode. This combination enables us to measure the potential differ- 
ence between the interior of the glass and the outer liquid. Freundlich also measured the 
electro-kinetic potential for the same kind of glass by measuring the streaming potential 
in a capillary. In that way, he found that the interface or static potential l>etvreen the glass 
and the liquid is higher than the electrokinetic, and that the interface potemtial is not affect- 
ed by small additions of ions which cause a very great change in the electrokinetic potential 
difference. 

“In order to explain why the electrokinetic potential is so much smaller than the 
static one, Smoluchowski assumed that part of the liquid is carried on with the particle in 
its movement, and that the potential difference we measure in cataphoresis is, therefore, 
that from a point out in the h(|uid to the infinity }X)int. If this is actually the case, it is 
possible to explain how the small additions of electrolytes can affect the electrokinetic 
potential without affecting the other potential, and that such additions can even reverse the 
sign of the potential.” 

This is very ingenious; but it proves too much. The flowing-mercury electrode is 
evidently the reverse of cataphoresis and should therefore give the same value obtained by 
Billiter and by Garrison if Smoluchowski were right. 

Through rather non-committal as to Loeb’s theories, there is a statement, p. 204, 
that “when we try to apply the Donnan equilibrium to the single particles in sols as has 
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t>een done by Locd> we meet with certain difficulties which have not as yet been overcome. 
The main difficulty is that the two regions of different concentration have no tangible 
meaning. '' 

“The coagulating action of two or more electrolytes present at the same time is not 
additive as in the c‘ase of a hydrophobe sol such as gold. If W(; measun*, say, the coagulation 
value of KCl in presence of various amounts of LiCM, we shall find that in certain concen- 
trations of LiCl it takes more KCl to coagulate the sulphur than when th(‘n‘ is no LiCl pres- 
ent. Od 4 n believed that this antagonistic action between the two electrolytes was due 
entirely to the antagonism between the cations and the anions. According to recent experi- 
ments by Freundlich there is probably also an antagonistic action taking place between the 
different cations. He found that the coagulative power of cation.s of high valtmcy is reduced 
quite enormously by the presence of, say, L12SO4. In a Li^SO^ solution (‘ontaining 65 per- 
cent of the concentration necessarv to coagulate the .sulphur, it was necessary to raise the 
concentration of CeCla to 150000 percent of the coagulation value in a lithiurn-free sol in 
order to get coagulation. Such a phenomenon <*an hardly Ik' asenbt'd to the peptizing action 
of the anions only/' p. 224. 

It is inUTcsting to note, p. 238, that when a jelly swells, the energy represented by 
mechanical work as done by swelling is almost exactly equal to the heat change. In other 
words, “the heat of dilution of a gel is almost exactly equal to the entTgy repr(‘Kented by the 
work of .swelling. This means that the mechanical work ix^rformed by a swirling gel is 
surprisingly economical Now probably most of the inii.seular work is ^lerforiried by swelling 
of gels, and it is remarkabU* that it has been found by physiologists that a very large amount, 
at least 60 jjcrcent, of tlu‘ heat prtKluced by the body can be transformed into mechanical 
work of the muscles." 

This is a very valuable Ixiok and the scientific community is indebted to the Univer- 
sity of Wisconsin for bringing Professor .SvedlH‘rg to this country and for making these 
lectures possible. It is very diffi<'ult to judge such a piece of work objectively; but it seems 
to the review(*r that a possible criticism is th.'it Svedlierg is rather more interested in the 
mathernalical formulations than in the underlying principles. (^ase in point is the com- 
ment on the \vork of Burton and of Porter, p. 101. There is no doubt that the Einstein 
formula, as usimI by P«*rrin, is not adequate to describe the distribution of a sol under the 
intluence of gravity; but Svedberg hates to admit it. 

Wilder D. Bancroft 


The Chemical Basis of Growth and Senescence. By T. Bradsford RoberUon. 21 X 15 
an.; pp. nti -|- S89. Fhdadelphm: J. B. Lipfnncott Com[Hiny, 1923. Pnee: $3.00. In the 
preface the author says: “Each successive a(‘quirement enlarges our fKiwer to grasp more, 
and the progress of human knowledge is, in fact, autocatalyzed. Thus, if at the present 
moment wo are not in a [xisition to interpret fully the phenomenon of life, that is ground 
for hope rather than df’spair. We can see fairly i-learly what type of physical and chemical 
knowledge will be requisite for this inter|iretation, and we realize that the merest rudiments 
of this essential knowledge have Ikhui acquired so recently that they are yet unfamiliar 
tools, of which the consequences are barely apprehended. In this volume, a preliminary 
essay has been made towards that interpretation of development which M. Bergson de- 
clares to be intellectually impossible.” 

The chapters are entitled: introduction; the physical manifestation of groulh in man; 
the physical manifestations of growth in animals and plants; the reproduction of unicellular 
organisms; the substrates of growth — inorganic salts and amino acids; the substrates of 
grow'th — accessory food factors; the retarding influences in growth; differentiation and de- 
velopment; the nutrient level in relation to growth; hyper-differentiation — cancer; the in- 
fluence of special agencies on growth ; growth and evolution. 

In the case of man the author differentiates pre-natal, post-natal (or infantile), juvenile, 
and adolescent cycles of growth, pp. 16, 26, 41. “The fact that each growth-cycle begins 
slowly and increases progressively in velocity until the moment of maximal growth- velocity 
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is attained at the centre of the cycle, is sufficient in itself to show that the process of growth 
is autocAtalyzed”, p. 6. “This being the case, the question immediately presents itself why 
the process of growth, since it is self-accelerated, ever comes to a stop? In other words, 
why do plants and animals not grow with ever increasing velocity to dimensions indefinitely 
great?, “ p. 8. 

In the case of unicellular organisms, p. loi, “we have seen that the autocatalytic charac- 
ter of growth is attributable to the autocatalysis which occurs during nuclear synthesis; 
that the accelerative agent which is responsible for the auto-acceleration of nuclear syn- 
thesis is in part retained within the nucleus, and in part, shed into the surrounding medium, 
and, finally, that during the lag-period, before any cell-division has occurred, the nucleus 
is insensitive to accelerative agents in the surrounding medium, other than the indirect and 
comparatively slight acceleration due to the mere abundance of foodstuffs. 

“These considerations, taken together, unite in indicating pretty clearly that the moment 
of distribution of the accelerative agent between the nut^leus and the surrounding medium 
IS that at which cell-division or the preceding nuclear division occurs. And this is, indeed, 
a very reasonable assumption for the nuclear membrane is known to be relatively imperme- 
able to many soluble materials and the dissolution of the nuclear membrane which accom- 
panies nuclear division may well render possible a redistribution of nuclear materials be- 
tween the nucleus and the cytoplasm, and the admixturt* of nuclear material with those 
constituents of the pericellular fluid w-hich are capable of penetrating cytoplasm.” 

“The inorganic substrates of growth must evidently comprise all of the inorganic ele- 
ments which are found in adult tissues. The essentiality of some of these has long been 
well established. Thus the experiments of Abderhalden have showm that if rabbits are 
maintained upon a diet deficient in iron, by continuing milk feeding after the normal 
period of lactation, they fail to grow at the normal rate and display anaemia, quantitatively 
measurable by the decrease of relative haemoglobin content. Addition of inorganic salts 
of iron greatly improved growth, Viut did not alleviate the anaemia becauw certain sub- 
stances necessary for the utilization of inm to manufacture haemoglobin were not supplied 
in sufficient abundance by milk. Hence iron, possibly in association wdth nucl(H>-proleins, 
plays some other r 61 e in the body beaide.s that of enabling the manufacture of haemoglobin. 
Addition of green forage containing iron speedily corrected the anaemia. There is thus a 
daily wastage of iron from the body which must be replaced by a current supply in the 
dietary 

“The necessity of iodine for the manufacture of the active constituents of the thyroid 
(thyroxin) is manifested in the disorders of thyroid functions w’hieh supervene w^hen the 
nutrient supply of iodine is deficient. That lack of iodine in the dietar>^ may actually lead 
to hypof unction of the thyroid, is demonstrated by the preventive effect tif frequent ad- 
ministration of small dose.s of iodides. Under circumstances w^hich thrown excessive strain 
upon the thyroid, such as the iMdlution of water by certain micro-orgamsms, then even the 
normal proportions of iodine in the dietary may lie inadequate, and undcT such condiiioUB 
the administration of lodidef? doe.s not seem to be so effective in preventing hypofunction 
of the thyroid, as it is wh('n the disordf*r arises from simple inadecpuwy of the iodine in the 
dietary. It is not clear how^ and for what reason a wastage of iodine occurs from the bcKly, 
entailing a continual renewal of this element. 

“In respect to other inorganic* elements our information is more meagre. The necessity 
of lime and phosphates for the growing animal is evident from the fact that the former 
.substance enters extensively into the formation of bone, while phosphorus is required for 
the manufacture of all nuclei and (»f the Upins which abound in all tissues and more especially 
in nervous tissues. Accordingly, Osborne and Mendel have found that young rats fail to 
grow if deprived of lime and phosphates and that considerable proportions of these sub- 
stances are requisite to maintain a normal growth-rate. 

“In respect to the remaining mineral constituents of protoplasm, Osborne and Mendel 
have shown that either sodium or potassium must be abundant in the diet, but- providetl 
potassium is abundant sodium may be reduced to 0.04 per cent of the intake, while if sodium 
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Ib abundant then potaBBium may be reduced to 0.03 per cent. No more than 0.04 per cent, 
of chlorine and 0.01 per cent, of magnesium are required to maintain growth,” p. 109. 

**On the other hand the majority of the naturally occurring proteins contain all of the 
dietary amino-acids, although in widely varying proportions. Only in a few exceptional 
classes of protein do we find that certain amino-acids are lacking. Gelatin is a well knowm 
example of an incomplete protein lacking cystine, tyrosine and tryptophane, and it has long 
been realized that gelatin is not in itself an adequate* protein for the maintenance of nitro- 
genous equilibrium, although it is a ^‘sparer” of protein, 2. e., can furnish ti jiortion, but not 
the whole of the protein in the diet. This, however, is not conclusive evidence of the in- 
ability of the tissues to synthesize* some amino-acids for others, for cystine being the only 
amino-acid which contains sulphur manifestly cannot be synthesized from any other. In 
recent years, however, the* res<^arches of Willcoek and Hofikins and of Osborne and Mendel 
have established the fact that certain other proteins lacking one or other of the amino- 
acids are similarly inadequate to maintain nitrogenous equlibriurn or i (*rmit growth. Thus 
zc*in, th<* alcohol-soluble protein in maize, which lacks tryptophane, lysine, and glyeocoll, is 
inadequate to maintain nitrogenous equlibriurn unless it is supplemented by tryptophane, 
and even with this addition it will not support growth. Since glyeocoll vm\ be synthesized 
by the tissues, the limiting factor, when zein has limi thus supplemented, must of course be 
lysine. Ciliadin, the alcohol-soluble protein in wheat an<l rye, contains trvptojdiane but is 
lacking in lysine ami glyeocoll, and thi« protein p<*rrnits the maintenance of protopla.sm 
already synthesized, but, like zem which has been supplemented with tryptophane, it fails 
to support growth. We may therefore infer that tryptophane and lysine arc both (*apable 
of becoming limiting factors of growth w^hen they ar<* lacking or prcs<»nt in inadequate 
amounts in the diet,” p. 1 13, 

“Sumnung u[), therefore, the pres<»nt state of our knowiedgi* concerning the arnino-acid 
requirements of the higher animals, we may state that cystine, trypto])hane and either 
histidine or arginine are nocessarv both for growth and for the maintenance of tissue al- 
ready manufactured. Lysine is essential for growth but not for maintenance. Glyeocoll 
IS not e8S(*ntial for either purpose* since it can Vie manufactured, dire<*tly or indirectly, from 
other amino-acids. Uegarding the thirteen amino-aei<ls whicVi remain, our ignorance of 
their necessity or replaceability in the diet is almost <*omplete, although Abderhalden {sug- 
gests that proline may be derivable from glutamic acid and arginine from ornithine,” p. i iq. 

*'Th(‘ fat-soluble aeee.ssory is ess«*ntial for the growth and repnaluotion of animals. 
.Adult rats are able to withstand the absence from their diet for over a year without loss 
of w'cight, but if previously, m the growth period, they have hveu confined to a diet deficient 
but not altogether lacking in it, then sub.M*quenf ly , when they are nearly adult, deprival 
causes, after some delay, a .smlden decline of weight and ultimate death from apparent 
inanition or from intereurr(*nt diseasi*. When y<uing animals which have hitherbi received 
normal nourishment are suddenly deprjve<l of this factor they continue to grow' for a eon- 
sidenible period, luit gmw’th cannot be sustained and arrest of growth is followed by pro- 
gressive loss of weight. An amount of the factor w*hi(*h is just adequate to permit growth 
may not siiffiee to permit reproduction and it is not supplied to suckling young unless the 
mother is also r(*ceiving it. These facts unite in jaunting to an ability on the part of animals 
to store up reserves of this factor in their fats, upon which they are able to draw' in order to 
supplement temporary defici(*iicie8 in the ration, so that w'ith this assistance an allowance of 
fat-soluble factor which would not by itself suffic'c for the aniniars requirements, may re- 
main adequate until the a<*cumulated stores have been depleted, w'hen its inadequacy is 
revealed either in the animal itself or in its offspring,” p. 124, 

“The circulating nitrient fluid of the Vertehmta, the Vilood, may therefore V>e conceived 
as a reservoir of foodstuffs w’hieh is maintained at a ctinstant level by three main types of 
process. An inflow due to the assimilative activities of the digestive tract, an outflow into 
the tissues originating in their needs for grow'th, repair or maintenance, and an otrrjlow 
which is secured by storage in the cose of fats and carViohydrates, and by ileaminization in 
the case of protein. Thus any lack of equivalence between inflow and outflow is offset by 
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the overflow. As in the case of the other instances of environmental invariance discussed 
above, uniformitv of the nutrient environment is achieved by a series of dynamic equilibria 
involving the coordinated participation of many tissues. Its success is of course dependent 
upon the ultimate satisfaction of appetite by food, but even at the point of death from 
starvation the blood is found to contain elementary nutrient constituents/' p. 233. 

“It will be observed that tho.se organs which are most essential to the preservation of 
existence are those which suffer least extensively from the deprivation of food. This must 
be due to some deflnite peculiarity of the metabolism of those tissues which are able to 
maintain their weight under these adverse circumstances. The nature of this peculiarity may 
easily be inferred from the fact that the speed of metabolism is exceptionally great itt just 
those tissues, the heart and nervous system, which most successfully resist the distintegrat* 
ing effect of inanition. Thus the heart is constantly engaged in transforming large amounts 
of potential energy into mechanical work and yet it carries within itself an extraordinarily 
small reserve of energy-yielding materials. The glycogen-content of the muscular tissues of 
the heart, instead of being exceptionally high, is, as a matter of fact, no higher than that of 
the skeletal muscles, which are only contracted intennittently. The heart must thus de- 
pend, for the maintenance of its exertions, upon the direct and unceasing withdrawal of 
nutrient materials from the circulating fluids. In so doing it is forced to compete with all 
other tissues of the body, and yet it does so wth so much success that whereas the majority 
of the other tissues lose a very considerable part of their weight, the heart maintains the 
integrity of its substance until death is imminent. This implies that the rate of utilization 
of nutrients by the heart must greatly exceed that of the other tissues, so that foodstuffs 
are appropriated by it in advance of the ability of other tissues to consume them,” p. 250. 

“If, how^ever, the administration of tethelin is conflned to the preadolescent period, re- 
sults of a very different character arc obtained. These effects may be elicited by administer- 
ing tethelin (4 milligrams per day) from the fourth to the tw'elfth wwks of age and then 
discontinuing the administration. The curve of growth of these animals in comparison 
with that of normals is shown in the accompanying chart, and their external apptnirance at 
500 days old is compared in the accompanying photograph. The increase’? of bodily dimen- 
sions is extraordinary. The average weight of the treated females at ^00 days was 31 grams, 
while that of the normal female.s was only 25 grams. An increase of 25 per cent, in average 
weight was thus obtained corresponding in human females to an inerpa.S4^ from the average 
normal weight of about 120 lbs. to an average weight of 150 lbs. But the average was (on- 
siderably diminished by a small prop#3rtion of animals which failed to resiwiid to the treat- 
ment, while one-eighth of the tmated animals exceeded 40 grams, a weight which wrould 
correspond to iqo lbs. in the human female and which, in our experience of over a thousand 
animals, has never been attained by any normal female, and only once or twice by fenmles 
receiving cholesterol. Thtist* results, obtained by the administration of but 4 milligrams of 
material daily for eight weeks are comparable with those obtained bj^ Uhlenhuth in Amftfj/- 
Homa by administering a diet consisting entirely of pituitary (anterior lolw?) tissue. The 
experiment has been reijcated, employinp males, and with a similar outcome. 

“The origin of these gigantic; proportions lies in an excessive late accretion of tissues and 
gigantism is not displayed in its full degree until the animals attain the age of 500 days, or 
over a year after the discontinuation of the administrations. Corresponding to this w^e find, 
in accordance with the general ruli* that late accretion of tissues is unfavorable to longevity, 
that the duration of life in these animals wa.s abbreviated rather than enhanced," p. 299. 

“Our analysis of the })heiioinena of growth has led us to the conclusion that the diversity 
of cells originates in a diversity of relationship.s l>etween nucleus and cytoplasm. The 
communal life of the metazoa, and to a lesser extent that of the multicellular plants, led to 
the acquirement of a certain degree of independence of short-f)eriod fluctuations in the 
nutrient environment, and a relative constancy of the nutrient level in the pericellular fluids. 
In this Why the first step w’'as taken towards the evolution of the communally-controlled 
enviiymmentwhichisexemplificidinitsmosteloborateformin the homoiothennal animals * . . 
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^‘But the acquirement of environmental invariance carried with it the penalty of mortal- 
ity imposed by the pericellular accumulation of the nuclear autocatalyst. Mortality, how- 
ever ‘‘disadvantageous’' in a personal sense to the individual, was of no disadvantage to the 
race, for gametic reproduction ensured its continuance," p. 309. 

“The stasis of growth which is imposed upon rnullicellular communities by the ac- 
cumulation of a\itocatalyst in the pericellular fluids i.s deferred for a longer or shorter period 
by the step-by-step reduction of the nuclear ratio at division, whereby nuclear synthesis is 
enabled to proceed because it is periodically rcinaugiirated by th(‘ discharge of autocatalyst 
into the medium. For this too a penalty has to be paid in the loss of genetic characters 
consequent upon diminutirm of thc‘ nuclear content at each successive differentiation. The 
differentiated cell bears a mutilated germ-plasm. When the utmost dcgre<' of differentiation 
has been attained, then stasis can no longer be deferred and the ultimate consequence is 
fiKmescence and the termination of the existence of the individual," p. 3i('. 

Wilder 1), Bancroft 


Recent Developments in Atomic Theory. By Leo Oraelz. Translated by Guy Barr, 
Fourth edition. 22 X 15 cm, pp. xi-f-17. New York: E. /^ Dutton and Company, 1923. 
Frijce: $3.50. The hook consists of six lectures, entitled: molecules and atoms in chemistry 
and the kinetic theor>' of gases; atoms and ions and electrical effects in liquids and gahcs — 
atoms of electricity; the disintegmtion of atoms in radif)-active substances — the nucleus 
theory of the atom; X-ray spectra and the nucleus theory of the atom; line spectra and 
Bohr’s model of the atom; further investigations on the structure of nuclei, atoms, iers. 
and molecules --dcicomposit ion of nuclei. 

The first lecture ends, p. 24, w’ith the interesting .statement that the conclusion may be 
drawTi from the multiplicity of lines in the spectra of elements, that the atoms cannot I e 
simple bodies, hut must contain parts of seme sort. i. c. that they cannot really be ‘atoms’ 

“The curious phenomena of a-partiele^, their sudden .stopjmge after traversing their 
range, their usually weak scattering and their unusually strong deflec*tions are explainiMl, 
as Rutherford showed, if we assume that an at(»m consists of a postively charged nucleus of 
extremely small volume around which, at a distance corresponding roughly with the atomic 
radius, are negative electrons sufficient t4» make the whole atxim neutral. These negative 
(‘lectrons are either at rest or revolve round the nucleus like planets round the .sun. An a- 
partiole, w^hose dimensions must be supposed very small, will generally shoot through the 
atom somewdiere in the interspace betw'een the positive nucleus and the electrons, and w'ill 
only ex]ierience a small deflection which is the resultant of the repulsion from the nucleus 
and the attraction by the elet'irons; this is small liecause, in its flight through the atom, the 
a-partiele moves at a relatively great distance from the nucleus and from the electrons. 
It may happen, however, that an a-particIc flies directly towards a negative electnm or, 
in rarer eases, directly towards the positive nucleus. In the former case it will combine with 
the negative electron and change from a helium atom with two positive charges to one with 
a single charge, and if it then meets yet another electron it will become a neutral helium 
atom. According to the velfuity of the a-partiele this w'ill happen sometimes earlier, 
sometimes later. But once this neutralisation of its charge has occurred the helium atom 
suddenly loses its pro])erty of ionixation and thus is explaineti the sudden stoppage of the 
o-rays after they have traversed their range. * 

“On account of the assumed smallness of the nucleus it wdll very much more rarely 
happen that an a-particle is projected into the immediate neighborhood of tlie nucleus of 
the atom. When this occurs there wnll be a strong repulsive force betw^een the t>ositive 
charges of the a-particle and of the nucleus, and the a-particle must be deflected at a sharp 
angle (more accurately in a hyperbola) from its path. In this manner arc explained the two 
phenomena which are so striking and at first so mysterious, the sudden stoppage of the a- 
rays and their occasional sudden deviation, phenomena which at first appeared to baffle 
explanation," p. 73. 
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When X-ray spectra are obtained with crystals, the wave-lengths of X-rays used can 
be determined from the figures produced, p. 95. “The different diffraction spots were 
shown to be due to wave-lengths of different values present in the non-homogeneous X- 
radiation used, and calculation indicated that in the X-rays employed there were wave- 
lengths varying from 0.3 to 1.5 A.U. The waves are from 600 to 3000 times smaller than 
those of the most extreme ultra-violet which has yet been produced and measured, in which 
tlje wave-length is still 1000 

“Every metal, when used as anti cathode in a bulb, shows similar lines of definite wave- 
length. Experiment has shown that the w^ave-lengths of these characteriathi lines are the 
shorter, the higher the atomic weight of the metal concerned is. It has further beeri de- 
monstrated that the liru^s for the lighter elements from sodium to neodymium have all the 
same structure. They are called the K-lines of the K-spectrum. They consist always of 
five lines which are distinguished as Kai, Ka*, Kft Kft and K7; of these the lines Kai and 
Ktta, which are close together, are the strongest. The jS-Iines similarly form a doublet, and 
in some substances the 7-line is also donblo. These lines are present with all the substancies 
mentioned. If the cathode consists of an alloy, e. g. brass, the lines of l)oth constituents, 
copper and zinc, appear together on the plate. Even if the anticathode is simply covered 
with the salt of a metal the lines of the constituents are shown, 0. g. potassium chloride gives 
the lines of chlorine and of potassium. 

“With the heavier of these elements, from zinc onwards, a second system of liiuis is 
found, distinct from the first, with wave-lengths considerably higher than those of the K- 
lines. This is known as the Ij^pectrum. It consists of from ten to fourtc»en linens, the strong- 
est of which is called the Lai line. Here again the wave-length of the lines diminishes with 
increasing atomic weight. Among the heaviest elements, from iu*o<lymium up to uranium, 
only the L-series has hitherto been found and not the K-serit5S. On the other hand, for the 
heaviest elements of all, from dysprosium to uranium, a spectrum hjis been found with still 
longer waves; this is the M-speetrum, and consists of from three to five lines, some of them 
doublets,” p. 100. 

“According to Front’s theory as now interpreted, there (!an 1x5 no necessity for atomic 
weights being exactly whole numbers. For the atomic weight is comtwsefi of the masses 
of the nucleus and of the negative electrons, and, moreover, all these masses are apparent. 
Now even though the apparent mass of a negative electron is only 1/1835 of the mtiss of a 
hydrogen atom, it is to be expected that if many of those negative electrons are present in 
and outside the nucleus, small deviations from whole numbers will oc(!ur for the atomic 
weights. Another point follows. If the negative electrons outside the nucleus are in motion 
and their velocity happens, in some partkjular atom, to be very large, i. e. comparable with 
the velocity of light, then their apparent mass w'ould also be greater, and under these cir- 
cumstances even considerable deviations of the atomic weights from w^hole numbers could 
occur. 1 ''hus the objection U) Front’s hypothesis, which w^as rightly raised at an earlier 
stage, has here no longer any force, for the number of negative electrons in and outside the 
nuirleus may in some circumstance.s be considerable. Again, the mass of a hydrogen nucleus 
depends to some extent, since it is apparent mass, on whether other positive or negative 
charges are in its immediate neighborhood; it may accordingly be either greater or smaller. 
This is another reason for poasible small deviations of the atomic weights from whole num- 
bers either upwards or downwards. In short, there is no longer any valid objection to the 
supposition that all atoms are composed of protons and electrons,” p. 115. 

With sound weaves “the difference in frequency between successive overtones in any 
octave is always the same, namely one, being equal to the frequency of the fundamental. 
If this were the case with the vibrations whieh give rise to the line sjiectra, the separate 
lines of a diffraction spectrum, expressed as frequencies, would all be equidistant from one 
another, except for some which might be missing from the series. This is far from being the 
case, so that analogy with sound vibrations leads to no result in the investigation of line 
spectra,” p. 122 . 
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is evident, from what has been said, that Bohr’s model of the atom embraces, in a 
very simple manner, a number of imyKirtant and remarkable experimental facts. The ex- 
planation of the series lines, in particular the complete explanation of Balmer\s .series for 
hydrogen, the derivation of Rydberg’s constant, and the deduction of Mos(‘ley’s law for X- 
ray spectra, are very striking achievcunenta of this theory of the atom. There are, how- 
ever, many experimental fai'ts which still await more detaikal explanation on this theory. 
In particular, there are a number of regularities which have been found in the scries spectra 
of the alkali and alkaline earth metals, and other also which have* been observed m the 
action of a magnetic field on the .s<*rie.s lines (known as the Zeeman effect) which .still requires 
accurate explanation by this model. On the other hand, the action of an electric field on the 
series lines (knowm as the Stark effect) can be quite completely elucidated by Bohr’s model 
of the atom. For the n;st, it should not be overlooked that there arc several arbitrary as- 
sumptions made by Bohr, w hich only served to <lenve Balmer’s series. According to our 
present knowledge of electricity an elec‘tron cannot, in general, continue to rotate in a circle 
about a nucleus; for it is giving up energy to the (*ther all the time and must, m consequence, 
gradually fall into the nucleus But Bohr’s theory supposes that, in the orbits described, 
no radiation of energy into th<; ether takes place. For this assumption, as for a number of 
others, there is no a prwn foundation; it is warranted only by its splendid result, the ex- 
planation of the stories lin(‘s, and by the fact, which is incontrovertible, that in the domain 
f)f the atom, at minimal distances, the laws of mec*hanics and electro-dynamics whicrh we 
have found elsewhere are not of general validity,” p. 147. 

“Although the constitution of the higher atoms cannot be .settled in individual cast‘s, it 
may be postulatinl as probable that the product i<m, of h molecule from two atoms of the 
same or of diff<Tent kinds tak(‘s place, in general, as it dew^s with hydrogen, by the formation 
of a common ring about the two s(‘parate atoms; thi.s ring is what causes the combination of 
atoms into molecules. And, of course, it is to be assumed that in all molecules it is the 
outermost electrons, electrons of the outside ring, which so link up to form the molecule. 

“If we now consider the different effects of jihysical and chemical forces upon atoms 
according to those* m(‘thods of representation, and examine how these (*ffecfs are expressed, 
we have the following li.**t - 

(i) C'hemical phenomena take place essentially in the outermost rings of the atoms. 
These outermost rings fuse together and cause the pnxiuction of the chemical molei^ule. 

<2) Th(* action of very high temperatures on the one hand, and of cl(‘ctncal excitement 
(in (Icissler tuliesj on the other, also affects the out<'r rings, and in many cases the inner as 
well, by breaking them up so that their re-formation ])rotluces the ordinary spectra. 

(3) The boinbardinent of the electrons occasioned bv X-rays influences principally the 
innermost rings of the atoms, which it destroys. By their re-formation the K-, !.<- and M- 
rays of the X-ray sjiectni result. 

(4) Finally, the nuclei of the atoms art* theins<>lves concerned in radio-activity. The 
nuclei of the heavM*st atoms disintegrate spontaneously and emit a- and /3-rays. I’he con- 
comitant 7-rays may, according to Rutherford, be regarded ns the characteristic X-niys of 
the re8])ective radio-active materials, I'he a-particles also discompose other nuclei, as has 
been shown with niirtigen. 

“Thus radio-activity invades the innennost part of the atom, its nucleus, and effects a 
real transmutation of atoms. For on the Rutherford-Bohr theory, a particular atom is 
i’haracterized only the the <*harge of its nucleus. The number of electrons revoh'ing about 
the nucleus depends on circumstancos and merely distinguishes betw'een the neutral atom 
and the positive or negative ion of the atom. But a change in the nucleus produces a new 
atom. Up till now we have not been able to influence this change of the atom by any means 
at our disposal. Kither it takes place of itself, spontaneously, as in radio-active substances, 
or it docs not take place at all. By the new researches of Rutherford, which we have 
mentioned, the first step has been taken in the direction of interfering with it as we please. 
And if, as is to be hoped, this beginning is further developed, if we can use means to interfere 
with and to modify the changes, if we can make this disintegration of the nucleus quicker 
or slwer and if we can extend it further to other atoms than hitherto, then this super- 
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chemistry, the chemistry and physics of the nucleus of the atom, the manifold application of 
which to science we have here discussed, will have practical results beyond expectation, "’p. 169. 

The author, being a physicist, discusses Bohr’s conception of the atom at great length. 
Langmuir’s name occurs once, p. 164, quite casually and Lewis is not even referred to. 

Wilder D. Bancroft 

Inteifacial Forces and Phenomena in Phsrsiology. By Sir WtUiam M. Baylias 
19X1S cm; pp. ix-^196. New York^ 192B, Price: tS.OO, This volume is based on the 
Herter Lectures given in New York in March, 1922. The chapters are entitled: hetero* 
geneous systems; surface tension; adsorption; colloids; haemoglobin; ensymes; the cell 
membrane; electrical phenomena in living cells; protoplasm; muscle, nerve and gland; 
general remarks. 

Bayliss adopts the view of Clowes as to emulsification by calcium and sodium soaps, 
p. 26, which is good; but he evidently thinks that a semipermeable membrane is one with 
small pores, p. 13, which is bad. The experiments on dyeing filter paper with Congo red, 
p. 49, fit in beautifully with the modem theory of dyeing. There is also the interesting 
statement, p. 56, that '^addition of alcohol increases the adsorption of an acid dye, decreases 
that of a basic dye. The explanation of this behaviour is obvious. The negative charge on 
the paper is diminished by alcohol because of its lower dielectric constant than that of water.” 

Bayliss does not agree with all of Ijoeb’s views, p. 67. ^^The opposition made by 
Prof. Jacques Loeb between what he calls “colloidal” chemistry and “classical” chemistry 
is a puzzle to me. At first, it seemed that theories relating to heterogeneous systems were 
to be excluded from application to colloids. But we find osmotic pressure and the Donnan 
membrane equilibrium freely made use of in Prof. Loeb’s work. It might indeed Berm to 
some that the latter is strained to breaking |>oint. Also, phenomena due to aggregation, 
while not looked upon with favour, are recognized. Finally, the only difference turned out 
to be the existence of adsorption which is not to be mentioned in the discussion of colloids. 
We have seen reason to believe in its genuine occurrence where surfaces arc present, and 
these must be present if there is such a thing as aggregation of moh^cules to form particles. 
We shall see reason to accept this even in the case of proteins. The purely chemical prop- 
erties can scarcely differ much, if at all, when molecules or ions are joined to form masses; 
but the physical properties do, and these are of much physiological importance. It is only 
necessary to mention viscosity, surface tension, osmotic pressure and so on, even if wo omit 
adsorption.” 

From the fact that it is difficult to squeeze water out of a gelatin jelly btffore treatment 
with formaldehyde and easy to do so afterwards, the author concludes that the structure has 
changed from a honeycomb one to an interlacing one. This may be true; but it does not 
follow necessarily. There may have been a change in the adsorptive power of the gelatin. 

Of special interest is tht* author’s suggestion, p. 134, that the cell membrane may be 
permeable at one moment and semi-permeable at another. “It is a matter of great difficulty 
to suggest any probable structure for the membrane. Owing to its mode of production, it 
is no doubt of a very complex chemical nature. It appears to be in all states of the cell 
permeable to all substances soluble both in water and in oil or liquid, such as urea, some 
ammonium salts, alcohol, chloroform, carbon dioxide, oxygen, etc. as Meyer and Overton 
pointed out. In the resting state of the cell, the membrane is impermeable to salts, other 
than certain salts of ammonium, to glucose and to amlnoh-acids; while in a state of activity 
it becomes permeable to all these.” 

The reviewer would have welcomed a fuller discussion of the* behavior of the contrac- 
tile vacuole, p. 137. “But in cases such as those of protozoa in water, there is a continuous 
intake of water which would burst the cell were it not for the periodic rejection by the can* 
tractile vacuole j as was first pointed out by Marcus Hartog. As this vacuole grows in size, 
it reaches the cell-membrane and empties itelf , the membrane then closing over the orifice. 
The whole process is repeated periodically.” 

Most physical chemists will balk at the author's definition of the eutectic tempera- 
ture, p. 163, as the temperature at which any solution solidifies together of a uniform compo- 
sition. A eutectic composition is also nece88aIy^ WHder D, Bancroft 
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BY WILDER D. BANCROFT 

About every so often in the development of a theory, it is necessary to 
stop and take account of stock. The original propounder of the theory may 
have been considering a special case and may not have worded bis theory in 
the best possible way, or a new set of facts may have been discovered which 
had not been foreseen. The supporters of the theory may have over-empha- 
sized certain applications of the theory until people mistake these for the theory 
its(?lf . Unless people are on their guard, which they rarely are, the theory will 
change in passing through many liands until it is scarcely recognizable. This 
is the more likely to happen when, as is usually the case, people do not bother 
themselves with the historical development. Some or all of the things have 
happened to the electrolytic theory of corrosion and Messrs. Bengough and 
Stuart® concluded that corrosion may be either chemical or electrochemical. 
Since many of their conclusions are based on what seem to me misapprehen- 
sions of fact and misunderstandings of the electrolytic corrosion theory,^ 
it has seemed worth while to formulate the electrolytic theory of corrosion as I 
understand it, and to show how it should ho applied in a numl)er of sfxicial 
casf*8. This is the more necessary because it must be admitted that the 
supporters of the electrolytic theorj^ of corrosion have too often played into 
the hands of their opponents and have not made the most of the material 
available. 

The first formulation of the theorj" of elect rol>"tic corrosion was made by 
Whitney,^ “Practically the only factor which limits the life of the iron is 
oxidation, imder which are included all the chemical processes whereby the 
iron is corroded, eaten away, or rusted. In undergoing this change, the iron 
always passes through or into a state of solution, and, as we have no evidence 
of iron going into aqueous solution except in the form of ions (probably elec- 
trically charged atoms), we Imve really to consider the effects of conditions 
upon the potential difference Ix^tween iron and its surroundings. The whole 
subject of corrosion of iron is therefore an electrochemical one, and the rate 
of corrosion is simply a function of electromotive force and resistance of cir- 
cuit, If now we apply Nernst^s conception of the source of electromotive 
force between a met^ and a solution, we must conclude from the measured 
potential difference that iron in contact with an aqueous solution tends to 

^ A report to the Corrosion Committee of the National Research Council. The cost 
of some of the experiments on which this report is based was met by a grant from the Na- 
tional Research Council and bv a grant from the Heckscher Foun&tion for the Advance- 
ment of Rea^ch, established by August Heckscher at Cornell University. 

• “Sixth Report to the Corrosion Research Committee of the Institute of Metals.” 
J. Inst. Metds, 28 , 31 (1922). 

• Dunstan and Hill: J. Chem. Soc. 99 , 1857 (1911). 

• J. Am. Chem. Soc. 25 , 394 (1903)* 
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dissolve, ionize, or oxidize with a force expressed as equivalent to about io,oqo 
atmospheres^ pressure at ordinary temperature, 

^In other words, iron should tend to dissolve in any aqueous solution^ 
until the concentration of the electrically charged iron ions reaches such a 
concentration that the osmotic pressure is equal to the above value. This 
means that the saturated iron solution must be at least 450-fold normal, 
which is a concentration not practically obtainable. Thus far the theory re- 
quires that iron should tend to oxidize in any aqueous solution. Whether it 
will do so or not depends on other conditions. Something may here be gained 
by a study of analogies. The dissolving zinc electrode of the Daniell or gravity 
battery, although possessing an enormous electrolytic solution pressure, does 
not dissolve when the electric circuit is broken, but begins oxidizing immedi- 
ately when connected through any external resistance to the copper pole. 
It is not enough then for oxidation or solution of the metal, that it have a 
tendency to dissolve; it must be in metallic connection with some other mate- 
rial capable of acting as an electrode, and this second electrode, if a positive 
element, must have a lower electrol3rtic solution pressure than the iron. Iron 
in contact with zinc and an aqueous solution will therefore not dissolve; but 
if copper replace the zinc, the iron will dissolve, the velocity of solution m 
these cases being determined by the resistance of the complete electric circuit. 
These two cases are often met with in practice. In marine boilers, zinc plates 
are sometimes suspended from the boiler tubes in the water, that they may l>e 
attacked instead of the iron. On the other hand, scrap iron is used very com- 
monly to recover copper from solution in mine waters and other copper liquors 
in which case the iron rapidly dissolves. 

^‘Hydrogen acts as a metal and is electrolytically classified in the group 
with copper when compared with iron and zinc. That is, if a cell were made 
up on the DanieU model, iron being used instead of zinc, and hydrogen in 
place of copper, the cell would generate a current when the iron and hydrogen 
electrodes were connected. Iron would then dissolve with a velocity dependent 
on the total resistance of the circuit. So also, and for the same reason, iron 
when placed in a solution containing hydrogen ions will dissolve as the hydro- 
gen precipitates, just exactly as when placed in the copper salt solution. That 
iron does oxidize or dissolve in all solutions containing appreciable quantities 
of hydrogen ions is well known. This electrochemical relationship between 
iron and hydrogen is the primal cause of rusting.^' 

These paragraphs contain the substance of the theory of electrolytic 
corrosion and are just as true today as they were twenty-one years ago, except 
as to absolute values. In two respects, however, the wording is not as happy 
as it might have been. At the time that Whitney wrote, it was still believed 
by many that we knew the single-potential difference between a metal and a 
solution with a fair degree of accuracy, whereas nowadays we know that we 
do not. Consequently we cannot calculate the absolute value of the solution 
pressure; but it is immaterial for the argument whether this value is equiva- 
lent to 5000, 10000, or 20000 atmospheres pressure. The value is larger than 

* [lo pure water the limiting solubility will he that of hydrous ferrous oxide. W. D, B.) 
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that for hydrogen, which is all that is of importance. While it is true that iron 
should tend to dissolve in any aqueous solution until the concentration of the 
electrically-charged iron ions reaches such a concentration that the osmotic 
pressure is equal to the solution pressure, Whitney has neglected to state that 
this will only be true so long as the iron is kept electrically neutral. If the 
metallic iron becomes charged negatively tecause of the formation of posi- 
tively charged ferrous irons, there will be set up an electrostatic field which 
will prevent further formation of ferrous ions. This may happen even when 
the concentration of ferrous ions in the mass of the solution is practically 
negligible. 

This point was brought out clearly by Nernst* and by Whitney^ in his 
translation of LeBlanc's t)ook. ^^In order to explain the production of a po- 
tential difference through the contact of a solid substance with a liquid, 
imagine a metal dipped into pure w^ater, and that a c^ertain amount of metal 
ions is produced owing to the electrolytic solution pressure. The metal at the 
same time becomes negatively electrified, since both kinds of electricity must 
lie simultaneously produced whenever electrical energ>^ comes into existence. 
The solution is thu.s positively (dectrified and the metal negatively, and there 
is formed a so-called double layer. The ions sent into the solution with posi- 
tive charges and the negatively charged metal attract each other; in other 
words, a potential difference is produced. The solution con.stantly tends to 
send more ions into solution, while the electrostatic attraction of the electrical 
doubl(?-layer opposes this action, and evidently equilibrium is reached when 
the opposing tendencies are equal. Since the ions have very high charges of 
electricity, this condition of equilibrium occurs l)efore weighable quantities 
of the ions have passed into the w’^ater.” 

Whitney undoubtedly did not discuss this point in detail l)ecause he 
assumed that it was familiar to everylnidy; but people nowadays are holding 
it up against the theory that measurable quantities of some metal are not 
always found in solution. 

The second point in which Whitney's formulation has Ix^en confusing to 
some of his successors is that he did not lay sufficient stress on over-voltage. 
Since the solution pressure of iron is higher than that of hydrogen even in 
presence of practically pure w^atcr, iron should corrode in pure w^ater as indeed 
it does. In rc*gard to this, Whitney* says: ‘Tron dissolves in pure w'ater 
qualitatively just as in a solution of copper sulphate, hydrogen being deposited 
in place of chopper. The velocity with which this process proceeds will depend 
on the temperature and on the hydrogen-ion concentration in the water. 
When this concentration is so great that the potential difference exceeds a 
certain value, the hydrogen will be evolved as gas, separating from the liquid 
at the surface of the iron as bubbles. This potential value depends on the 
state of the surface so that it is usually higher than the theoretical value for 
polarization by hydrogen when the gas is in equilibrium with the solution. 

^ Z. physik. Chem. 4 , 152 (1889). 

*LeBlanc: ‘'A Text-Book of Electrochemistry, ’ 177 (1907)* 

» J. Am. Chem. Soc. 25 , 599 (1903)* 
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Below this value, the hydrogen, which is nevertheless being deposited upon 
the iron, but at a concentration below that corresponding to atmospheric 
pressure, slowly dissolves in the water, forming an ordinary solution of it, 
and escapes by diffusion/' 

There is a reference to over-voltage here; but it is not very clear-cut and 
it has been misunderstood repeatedly. Nowadays, we know that hydrogen 
over-voltage is due to polarization by elect rically-neutral, monatomic hydro* 
gen^ and hydrogen will be given off as gas or be dissolved by the solution only 
as the infiiately small amounts of monatomic hydrogen, presumably adsorbed 
on the surface, react to form molecular hydrogen. 

This is a very different thing from the hypothesis postulated by Bengough 
and Stuart* and absolutely nullifies their criticism. the electrochemical 
view, the conclusion would be that a minute trace of hydrogen would adhere to 
the metal for long periods of time, entirely preventing corrosion in absence of 
oxygen. Yet when metal is attacked by very dilute acids (c.g. zinc in i :5ooo 
acetic acid), the attack proceeds steadily in spite of the evolution of hydrogen, 
visible imder the microscope, at many points over the metal. It seems clear, 
therefore, that a hydrogen film is not a good, or even a moderate, protective 
against corrosion." They have forgotten all about polarization and are merely 
considering the ohmic resistance of a film of gas. 

Whitney* says that ^Hbere is no doubt that iron, even at ordinary tempera- 
tures reacts with pure water, in accord with this conception. The experi- 
ments on this point, carried out by Deville at high temperatures only, showed 
a balanced condition at various temperatures for the reaction. 

3 Fe +4 H20=Fe804+4H2. 

He found experimentally that water vapor in contact with iron must produce 
a certain concentration of hydrogen gas to be in equilibrium; in other words, 
if the hydrogen was continually removed, the iron could continually oxidize. 
Within the range of temperature employed (200° to iooo°C), he found that the 
pressure of the hydrogen produced by the action between iron and water 
increased as the pressure of the water vapor was increased. As the tempera- 
ture rose, the hydrogen concentration (or pressure) at equilibrium diminished; 
in other words, the lower the temperature in his experiments, the greater the 
tendency for oxidation of the iron. According to these results we should ex- 
pect water to act on iron to generate hydrogen even at ordinary temperatures, 
and it is a well-known fact that very finely divided iron such as is obtained 
by dry reduction of iron salts, reacts with pure water and generates hydrogen. 

“This fact, that pure water causes solution of iron, is in accord with other 
experimentally discovered facts. Mr. G. O. Adams, in connection with a the- 
sis presented to this institute in 1900, made analyses of various samples of 

^Ostwald: Z. Elektrochem. 6, 40 (1889); Mailer: Z. anorg. Chem. 26 , ii (190X); 
Tafel: Z. physik. Chem. 34 , 200 (1900); 50 , 641, 713 (1905); Lewis and Jackson: Proc. Am. 
Acad. Arts Sci. 41 , 399; Z. physik. Chem. 56 , 207; Brunner: 331 (1906); Bennett and Thomp- 
son: J. Phys. Chem. 20, 296; Bancroft: 396 (1916); Aten: Iroc. Acad. Sci, Amsterdam, 18 , 
1379 (1916). 

2 ^^Sixth Report to the Corrosion Research Committee of the Institute of Metals.’'^ 
J. Inst. Metals, 28 , 88 (1922). 

* J. Am. Chem. Soc. 25 , 396 (1903). 
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ga49es collected from radiators in different houses where the hot -water gravity 
beating system is used, and where different water supplies are concerned, 
and always found a large quantity of hydrogen gas. In most cases, on open- 
ing the air-cock of the radiators the gas could be lighted with a match. A 
number of such mixtures were analyzed. These varied in composition, but 
were mainly mixtures of nitrogen and hydrogen with usually no oxygen. The 
hydrogen content varied from 44 to 78 percent by volume. Measurable 
quantities of carbon dioxide or of hydrocarbons were not usually present.’^ 

The results of Mr. Adams have l)een confirm('d in recent years by Mr. 
Speller of the National Tute Company. Bengough and Stuart^ l)elieve that 
when zinc corrodes in pure distilled water, no evolution of hydrogen can \ye 
observed although considerable local corrosion (type B) takes place. ‘‘This 
is in sharp contrast with the behaviour of zinc in very dilute acid, where the 
evolution of hydrogen is quantitative. . . . The first observation, i,e, 
that no hydrogen is involved in the local corrosion of zinc, is of great import- 
ance in connection with theories of corrosion; and further observations have 
shown that no hydrogen appc'ars when many other metals undergo corrosion 
in distilled w^ater — in fact, it is only in the case of highly electro-positive metals 
(e.g. calcium) that hydrogen gas appears during local corrosion. Yet the 
electro-chemical theory assumes that the fii*st action in such corrosion is the 
passage of metal ions into solution, and the displacement of hydrogen in the 
case of all metals. The Jissumption really is that all corrosion by water and 
salt solutions is of the acid type*. 

“There is, however, no dirt^ct evidence for this assumption, but some 
against it. Lamlx'rt and Cullis^ found no trace of lead in pure water which 
had been in contact with pure lead in a vacuum for several months. On the 
electro-(‘hemical theory, which states that corrosion is due to electrical cur- 
rents set up between portions of the metal of different potentials, Lambert 
explains the above result by assuming polarization of the areas of low poten- 
tial by displaced hydrogen, which stopiied corrosion so rapidly and completely 
that neither metal nor the hydrogen responsible for the stoppage could be 
detected. A similar explanation w^ould doubtless l^e applied to the fact, 
observed by many investigatoi's, that local corrosion (type B) even of ordinary 
commercial metals never takes place in absence of oxygen. Thus Friend de- 
tected very little change in Swedish iron kept for twelve years in pure water in 
absence of air.”* 

This is not helpful at all because we come out with the same analytical 
result whether we postulate that oxygen acts as a depolarizer or reacts direct 
with the metal. Consequently experiments of this sort are distinctly a waste 
of time. It is probable that with Friend's Swedish iron he had either an es- 
pecially high over-voltage, or the formation of an adherent film of ferrous 
oxide. Whitney* obtained quite different results with other samples of iron 

‘ ^*Sixth Repoit to the Corrosion Research Committee of the Institute of Metals/^ 
J. Inst. Metals, 28, BjfSS (1922). 

* Lambert and CuUis: J. Chem. Soc. 107, 214 (1915). 

* Carnegie Scholarship Memoirs, 1922, 125. 

* J. Am. Chem. Soc. 25, 398 (1903). 
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in some experiments which he made for another purpose. ‘To learn whether 
carbonic acid was necessary to iron-rusting^ a clean bottle was steamed out 
for a time to remove soluble alkali from the glass and was then filled with pure 
distilled water which was kept boiling by passing steam through it for fifteen 
minutes. While still boiling, a bright piece of iron was placed in the bottle. 
A stopper (in some cases rubber and in others cork) carrying a tube open in a 
capillary several inches above the stopper, was inserted into the bottle and 
firmly fastened in place, the water being kept boiling. Finally, the glass 
capillary was heated hot by means of a blowpipe and sealed by squeezing the 
walls together. The bottle was then allowed to cool to a temperature of about 
8o® C; and the neck of the bottle was finally covered with paraffin to prevent 
leaking. It was thought that in this way the oxygen, carbonic acid, and other 
gases in the water were completely removed. Bottles containing iron and 
sealed in this manner have stood without any visible change for weeks. In 
some cases a little air was subsequently admitted to bottles which had stood 
in this way with the iron apparently unaffected, and within a few minutes the 
water became cloudy and assumed a yellow color. Ordinary rust rapidly 
deposited upon the glass and in spots upon the metal. In fifteen or twenty 
minutes the production of rust throughout the bottle was perfectly evident. 
It seemed plain from the rapidity of formation of oxide and its precipitation 
on the glass, that the iron had dissolved in the water before the addition of 
the air, and that the latter simply permittrcd th^ formation of the insoluble 
oxide. 

“Mr. J. A, Collins, in connection with his thesis of 1898, performed a 
similar experiment which shows that the iron is dissolved in the water and 
that its appearance as rust is a secondary phenomenon due to the action of 
oxygen on the solution. A cleaned iron pipe 0.5 inch by 15 inches, sealed at 
one end and having a screw cap to fit the other, was filled with boiling dis- 
tilled water, and the boiling continued by beating the pipe until half the water 
had boiled away. While still rapidly distilling, the cap was screwed on tightly 
and the tube heated to about 1 2 5®C for an hour. On cooling and removing the 
water from the pipe, it was found to be perfectly clear and colorless, but, on 
exposure to air in a glass vessel, it rapidly precipitated rust. The pure water 
had dissolved iron in some form from the clean metallic surface, and this re- 
mained in solution until precipitated by the oxygen of the air. In experiments 
with air-free water in contact with iron, in glass bottles and fiasks, Mr. Collins 
let into the flasks containing only the pure water together with its vapor and 
the bright iron, air which bad been freed from carbonic acid by being exposed 
to the action of a barium solution in a closed bottle for twelve hours, the 
bottle being repeatedly shaken to hasten the absorption. In case of this 
treated air, the production of rust in the flasks was evidently as rapid as with 
ordinary air. 

“A similar experiment with purified oxygen gave the same result. One is 
forced to conclude from such results that if the rusting is due in any way to 
carbonic acid it is rapidly brought about by such a quantity of this gas as is 
left in air or oxygen after treatment with a barium hydroxide solution; in 
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other words, by an inappreciably small quantity. As this acid could owe its 
activity solely to its hydrogen ions, because of the fact that the carbonate ion 
has no rusting or dissolving action on the iron, it is interesting to note that in 
the case of recently boiled water, the hydrogen-ion content due to carbonic 
acid may well be as low as the hydrogen-ion content due to the dissociation of 
pure water. 

Dunstan, Jowett and Gouldiag' have questioned Whitney’s statements 
of fact. *^An attempt has been made by Whitney* to apply the theory of 
electrolytic dissociation to the explanation of the rusting of iron. Water being 
assumed to be slightly dissociated into hydrogen and hydroxyl ions, it should 
be capable of dissolving minute quantities of metallic iron, owing to the forma- 
tion of an electric circuit containing iron as the positive and hydrogen as the 
negative element. If this is the case, the rusting process would be explained, * 
the ferrous hydroxide first formed absorbing oxygen from the air. Sub- 
stances such as alkaline salts interfere with, or altogether prevent, rusting by 
hindering the accumulation of hydrogen ions, whilst acids and certain salts 
tend to accelerate rusting by incn^asing the accumulation of hydrogen ions. 
When the concentration of the hydrogen has attained a certain maximum, the 
hydrogen, according to Whitney, is evolved as a gas. This is, however, con- 
trar>" to fact, no hydrogen l^eing liberated in ordinary circumstances during 
the rusting of iron. Careful experiment has also faded to confirm Whitney’s 
statement that iron dissolves to a slight extent in water, whilst the theory 
in question is shown to afford no explanation of the fact, established during the 
course of this investigation, that substances other than alkaline salts, such as 
chromic acid and potassium dichromate, prevent the rusting of iron.” 

‘Tt has been assumed by Whitney (loc. cit.) that water, on the electro- 
l>diic hypothesis, being slightly dissociated, is capable of dissolving iron in the 
absence of oxygen or of carbon dioxide owing to the formation of a voltaic 
couple in which the iron acts as the positive element, whilst the negative 
element consists of the few hydrogen ions which the water normally contains. 
On this supposition he has founded a theory of rusting. He shows that theo- 
retically those sulistances, such as acids, which peimit of the concentration 
of hydrogen ions accelerate nisting, whilst those substances, such as alkalis, 
which diminish the concentration of the hydrogen ions inhibit rusting. 
The experimental evidence adduced by Whitney in support of the fundamental 
assumption that iron dissolves appreciably in pure water in the absence of 
oxygen or carbonic acid is slender and unsatisfactory. The theory also in- 
volves the assiunption that hydrogen is liberated during the rusting of iron, 
but no evidence of the fonnation of free hydrogen is produced by Whitney, 
and we have never noticed its production in any of the experiments we have 
conducted. As regards the solubility of iron in water, Whitney describes an 
experiment in which a piece of bright iron was placed in a bottle of boiling 
water, and, while the water was still boiling, a stopper carrying a glass tube 
was firmly inserted in the neck of the bottle and the end of the glass tube 


» J. Chem. Soc. 87 , 1551 (1905). 

» J. Am. Chetn. Snr, 25 , 394 (1903). 



792 


WILDER D. BANCROFT 


sealed in the blowpipe; the stopper and the neck of the bottle were afterwards 
coated with paraf^ wax. In experiments thus made, he states that the iron 
remained without change for weeks, but, on admitting air, rust was formed 
in a few minutes, the water becoming cloudy and assuming a yellow colour. 
In 15 or 20 minutes, rust was produced throughout the bottle, being deposited 
on the glass as well as on the metal. From these results, Whitney concludes 
that the iron had dissolved in the water before the admission of air, and that 
the oxygen admitted reacted with the dissolved iron with the formation of 
rust. 

“We have repeated this experiment in the following manner. A flask of 
600 cc capacity, filled with distilled water, was boiled for 15 minutes; two 
pieces of purified iron each about 1-1/2 inches square were then placed in the 
flask, and an india-rubber stopper carrying a glass tube which projected 7-8 
inches above the stopper and ended in a capillary was fitted into the neck of 
the flask, the water being kept boiling continuously. The water was allowed 
to boil for five minutes longer, when the capillary was sealed and the stopper 
coated with paraffin wax. This flask was left at the ordinary temperature for 
three weeks, in the course of which no visible change occurred. It was then 
opened, when one-half of the liquid was quickly poured into a beaker, the 
other half being left in contact with the iron in the flask. The liquid in the 
beaker on exposure to the air showed no cloudiness, no yellow coloration, and 
no separation of rust. In fact, on testing the liquid for iron by the extremely 
delicate thiocyanate reaction not a trace could be detected. The pieces of 
iron in the open flask after an hour showed signs of rusting, just as in ordinary 
cases, but the phenomena described by Whitney were not observed. We are 
therefore unable to confirm Whitney’s statement that liquid water alone is 
capable of dissolving even an infinitesimal quantity of iron. This being the 
case, the theory based on this statement becomes untenable. 

“It having been proved that iron nists in the presence of oxygen and water 
without the aid of carbon dioxide, it follows that the inhibitive action of alkalis 
on the process of rusting must find some other explanation than that hitherto 
accepted, which assumes that alkalis remove carbon dioxide, in the absence 
of which rusting cannot occur.” 

The whole difficulty is in the tacit assumption that iron is iron and that 
the sample used by Whitney behaved exactly like the sample used by Dun- 
stan. If Whitney used a somewhat impure iron, as he undoubtedly did, the 
impurities might well have caused such a decrease in the over-voltage that a 
perceptible amount of corrosion took place and a perceptible amount of hydro- 
gen was set free in the one case, whereas that dfd not happen with Dunstan’s 
samples of iron. It must be borne in mind that the theory only calls for the 
actual corrosion of iron and the setting free of hydrogen in so far as the over- 
voltage does not interfere. Under favorable conditions, the actual corrosion 
may be very small and may well be negligible in an experiment lasting only 
three weeks. 

As I shall take up later the question of the action of alkalies and bichro- 
mates in inhibiting rusting, we need not wony for the present over Dunstan’s 
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assumption that the electrolytic theory of corrosion cannot account for these 
phenomena. 

In later paragraphs Whitney^ pointed out that carbonic acid may act as a 
carrier under certain conditions. “Free alkali added to a boiler of water not 
only greatly reduces the concentration of the hydrogen ions, from whatever 
source, thus diminishing the electrochemical reaction of interchange between 
hydrogen and iron and in the boiler itself, but also produces another valuable 
effect. If a steam or hot-water heating system is fed with a water which is not 
naturally alkaline, a part, at least of the carbonic acid, which it always con- 
tains, will be driven from the water on boiling and pass to the cooler portion 
of the system to te redissolved in condensing water. Thus the return pipes 
of the system will be subjected to the action of this acid or hydrogen-ion solu- 
tion. No protecting scale of salts from the water being produced in these 
return pipes, such as is almost always produced in the boiler itself, the corro- 
sive action will most marked in the return pipes, and especially where the 
pipes are exposed to the action of continuous supplies of the water in motion. 
This will prevent the establishment of equilibria and the iron will be continual- 
ly removed. It ought also to be removed according to the previous discussion, 
though more slowly, even if no carlionic acid or other acid were present, be- 
cause of the hydrogen ions of the pure water. This reaction could again be 
reduced by the presence* of volatile alkali in the condensed water, but in prac- 
tice this latter is usually a negligible effect compared with the effect of volatile 
acid. 

“I wish now to show" that the effect of the carbonic acid is actually a cyclic 
one, the same molecule of acid doing unlimited corrosive work, and that the 
verj' harmful corrosion of return pijx*s in many heating systems may l)e direct- 
ly attributed to this usually inconsiderable and imnoticed ingredient of the 
water. To make this point clear, let us imagine a steam-heating system made 
up of a boiler, with steam pipes leading to various heating stacks and radiators 
from which return pipes bring the condensed sieam back to the boiler below" 
the water-level. For simplicity, w"e assume that the plant is run without the 
addition of water after the boiler has been originally charged. In other words, 
no steam is blown out into the air and the plant is not used, as some are, to 
incidentally supply hot w'ater for foreign uses, which thus requires a continual 
water feed. Our closed system usually contains, when in actual running con- 
dition, a number of dead-ends where gases have accumulated and where the 
pipes are cold. This may be observed in many radiators of common type. 
Into this colder portion of the system, the gases such as oxygen, nitrogen, and 
carl)oiiic acid, which were originally in the feed water, will collect. Here they 
will dissolve in the condensed water which is to return to the boiler, the car- 
bonic acid being especially soluble. The carbonic acid or its active hydrogen 
will cause the solution of iron from the return pipes and this iron will be carried 
back towards the boiler as bicarbonate of iron, being held in solution just as is 


» J. Am. Chem. Soc, 25 , 401 (1903)- 
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calcium carbonate in water con fcaining carbonic acid. This may be represented 
by the reaction 

Fe 2 C O 2 * 4 ” 3 H 2O H jFe ( C O a) 2 H 2 . 
the case of the bicarbonate of calcium solution,* it is well known that 
boiling decomposes the salt and liberates half of the carbonic acid, leaving a 
precipitate of calcium carbonate. In case of the soluble bicarbonate of iron, 
as will be shown later, the decomposition of the compound by beat, liberates 
all of the carbonic acid instead of half of it and produces the insoluble oxide 
or hydroxide of iron. Whether this decomposition of the soluble iron salt 
takes place in the boiler after the solution has returned to it, or in the return 
pipe where the proximity to the boiler produces a sufficiently high temperature, 
is of no immediate importance. In either case, the car- 
bonic acid is all set free and must immediately return 
with steam to the cooler parts of the system; there 
again it will dissolve in the condensate, again render 
soluble some iron and carry it towards the boiler and so 
forth. In each cycle of this kind hydrogen will be set 
free which will remain in the cooler parts of the system, 
as it is but slightly soluble in water. It seems necessary, 
therefore, that in common practice a very small quan- 
tity of carbonic acid must often cause an unlimited 
amount of corrosion, without in any way losing its pow- 
er to continue the process. The process of corrosion of 
the iron in this case will amount in ioio tn the union of 
iron with the oxygen of water and liberation of hydrogen, 
the carbonic acid acting merely as a catalyzer, where 
the mechanics of its action is apparent. This peculiar 
condition of affairs has been observed by us in certain 
large heating systems where we have found, first the 
carbonic acid of the feed water; secondly, much carbonic 
acid mixed with hydrogen, nitrogen, and oxygen in dead- 
ends or cold parts of the system; thirdly, water in the 
return pipes, where very rapid corrosion of the piping 
was taking place, in which much dissolved bicarbonate 
of iron was found; and finally, much precipitated oxide 
of iron in the boiler and hottest parts of the return pipes. 

'Tt has been possible also to reproduce these phenomena in the laboratory 
in various ways and in some cases in glass apparatus where the complete 
cycle becomes practically visible. In connection with his thesis, Mr. C. L. 
Wright arranged an apparatus of which a sketch is shown. Pure distilled water 
was boiled in the flask A, and various quantities of air and carbonic acid mix- 
tures were enclosed in the system which was kept nearly at atmospheric pres- 
sure by the liquid seal made by the bottles B connected with the condenser C. 
The steam condensed and took up a little of the carbonic acid; this solution 
came into contact with a piece of cleaned pipe, P, from which the outer layer 
had been removed in the lathe. This iron was supported in an extractor, E, 
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between the condenser and the boiler in such a way that it was alternately 
covered with the water and uncovered by the intermittent siphon action of 
the extractor. 

^‘In the first few experiments a precipitate was soon formed in the boilei 
which was not analyzed, but which was evidently a mixture of hydroxide of 
iron and silica from the glass. Subsequent experiments in the same apparatus 
differed in result from the first one and showed that, in the absence of free 
oxygen, the boiler water simply l>ecame black and opaque but showed little 
or no precipitate. The glass tulie leading from the condenser to the boiler was 
also quickly coated with a black deposit of iron oxide. It was evident that 
iron was being dissolved and the resulting compound decomposed in the boiler, 
and in the hot return tube, but it was at first thought peculiar that the pre- 
cipitate which appears when the glass or flask is a new one, was not produced in 
subsequent experiments, with the same apparatus. This led to attributing 
the actual formation of a precipitate in the first case to the presence of dis- 
solved glass. The dark color could only be due to the iron. The clear, black, 
filterable solution obtained from such previously-used apparatus was then 
shown to be a colloidal solution of iron oxide by the following method : Small 
quantities of such salts as sodium and barium chloride were added to ix)rtion8 
of the clear, black water, and they caused an immediate coagulation and a 
consequent heavy precipitate, coupled with complete decolorization of the 
solution. This precipitate, well washed by decantation with pure water, was 
treated with dilute sulphuric acid in a closed vessel and pure air passed 
through this and then through a ves.s(»l containing a barium hydroxide solu- 
tion. The failure to produce a precipitate of barium carbonate in this barium 
hydroxide solution showed that the original compound did not contain a 
carbonate. The precipitate was shown to contain iron by dissolving it in acid, 
oxidizing and precipitating the ferric hydroxide by ammonia. The formation 
of this colloidal solution of ferrous oxide is in exact accord ^ith the principles 
which determine the formation of c*olloidal solutions in general. It is a general 
principle that whenever any substance which is by nature insoluble, is formed 
in water, it will tend to remain in a colloidal or suspended state until coagulated 
by electrol3d»e8. 

“In the production of most precipitates in common laboratory reactions, 
there are always sufficient electrolytes present to account for the coagulation 
of the insoluble substances, if we may judge by tla^ concentration usually 
necessary where measurements have been made. Where this is not the case, 
a colloidal state usually results. In the i^ase at band,, there are practically no 
electrolytes present when the soluble ferrous bicarbonate is decomposed by 
heat, as this process requires the presence of but exceedingly small quantities 
of soluble salts in the solution at any one time. The insoluble ferrous oxide 
consequently remains in the colloidal state. This colloid may be precipitated 
by salts dissolved from the glass vessel, if of sufficient concentration, as was 
the case with new glass apparatus, and in this respect this colloid is like many 
others, such as platimun and silica. 
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‘The ease with which the soluble iron salt is decomposed by heat was well 
shown in the glass tube connecting the condenser and boiler, the return pipe 
of the above experiment. Above the stopper of the flask, where this tube was 
fairly cool, the glass remained clear, but below the stopper where the tube was 
heated by the steam of the flask, it was covered deeply with a black deposit, 
probably ferrous oxide. The deposition of this substance at this part of the 
return tube, commenced almost immediately on starting the experiment. 

*^An experiment carried out in this way where pure water and carbon 
dioxide were used, where analysis showed the gaseous mixture to contain 
eleven percent carbon dioxide, produced such rapid corrosion of the iron that 
within a few days nearly a third of the exposed surface had been eaten away 
to depths of several himdredths of an inch, at which rate an ordinary pipe 
would not last more than a few months. It is not surprising that carbonic 
acid should dissolve iron imder these conditions, but the fact that this corro- 
sive action is a cyclic one, in which under suitable circumstances even a trace 
of carbonic acid may dissolve an unlimited quantitiy of iron without losing its 
corrosive power, has not received sufficient attention.*^ 

Whitney^ was quite clear as to the effect of scale, though it is quite possible 
that he did not emphasize this factor as much as seems desirable twenty years 
later. The polarization by hydrogen ‘‘should greatly limit the velocity of 
solution of the iron, even if there is no other complicating effect due to the 
production of an insoluble compound, an oxide or hydroxide, in case air be 
present. This is usually the case in practice. The production of a compact 
adherent coating of oxide on the surface of the iron generally retards the cor- 
rosive action. Especially is this true at temperatures of steam where the 
magnetic oxide is formed. This oxide always forms as an adherent solid coat- 
ing on the iron and seems to be interrupted only by cracks caused by its unequal 
coefficient of expansion compared with the iron. The red oxide or rust is 
always flocculent and spongy and, besides not protecting the iron, actually 
seems to increase the velocity of corrosion in its vicinity. It is common to 
attribute to the red oxide or rust a catalyzing effect on the corrosion of iron.’* 

That Whitney's attitude in regard to films was inadequate is shown in the 
next paragraph.2 “If the primary rate of corrosion of iron, independent of 
subsequent formation of insoluble substances, is simply dependent upon the 
concentration of the hydrogen ions of the water, anything which reduced this 
concentration should also reduce the corrosion. . . . This reduction of the 
hydrogen ion concentration may be brought about by the addition of any 
alkali to the water. That the corrosion is thereby diminished is a well-known 
fact and one that already receives many practical applications. Iron and 
steel tools in process of manufacture, between the roughly ground state and 
the final polished condition, are often kept under water saturated with lime. 
This prevents the rusting which would quickly take place if they were left 
in moist air. The effect of the lime must be attributed solely to the hydroxyl 
ions which in turn reduce the concentration of the hydrogen ions of the water. 


^ J. Am. Chem. Soc. 25 , 400 (1903). 

* Whitney: J. Am. Chem. Soc. 25 , 400 (1903). 
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Neutral salts of calcium do not exert this effect and hence it can not be attrib- 
uted to the calcium compound nor to the calcium ion. Other soluble alkalies 
do it equally well and these contain, in common, only the hydroxyl ion.” 

It would be a bold man nowadays who would question the formation of a 
surface film on iron in alkaline solutions and consequently the effect of the 
lime cannot be due solely to the reduction of the concentration of the hydrogen 
ions of the water in the sense that Wliitney means. Whitney was right as far 
as he went and it is quite possible that he went as far as was wise twenty years 
ago. 

As Whitney was discussing the corrosion of iron, it was not necessary for 
him to consider the corrosion of sodium by water, especially as this case had 
been discussed explicitly hy Ncmst.* “Let zinc be brought in contact with 
acids, or sodium with water: then the electrostatic charge is obviously great 
enough to drive the positive hydrogen ions out of the solution and into the 
metal in which they dissolve; the hydrogen is able to separate from the metal 
in an electrically neutral fonii as soon as its concentration in the metal shall 
have reached a sufficient amount, f.e. as soon as its vapor pressure shall 
amount to the pressure of one atmosphere.” 

There is nothing in this paragraph or in Whitney’s paper to the effect that 
a pure metal cannot corrode and yet Bengough and Stuart.^ say that the 
charact.erLstic conception of the electrol3rtic theory of corrosion “is that of a 
non-uniform distribution of anodic and cathodic areas over the surface of 
the metal, such areas Ix'ing caused by local differences in solution pressure 
.... An ideally pure and homogeneous metal is assumed to be incorrodi- 
ble.” I think that every chemist would expect a pure and theoretically uni- 
form sheet of sodium to l)e attacked by water, though he could not, on that 
statement of facts, predict at what point the first bubble of hydrogen would 
appear. Similarly he would admit that copper would be corroded by concen- 
trated nitric acid containing nitrous acid regardless of how pure or how uni- 
form the metal was. 

Fifteen years ago Walker^ said that “every metal, when placed in water 
or under such conditions that a film of water may condense upon it, tends to 
dissolve in the water, or, in other words, to pass from its atomic or metallic 
condition into its ionic condition. This escaping tendency of the metals varies 
from that shown by sodium or pota&sium, which is so great as to cause instant 
and rapid decomposition of the metal and water, to gold or platinum where 
such tendency is zero. Between these two extremes we find the other common 
metals, including thereunder the element hydrogen, which may be considered 
as a metal.” 

It is quite true that Messrs. Bengough and Stuart could justify their 
statement by quotations; but their attitude should not be that of special 
pleaders trying to make a point, 

> “Theoretical Chemistry,^’ 612 (1895). 

• “Sixth Report to the Corrosion Research Committee of the Institute of Metals,*^ 
J. Inst. Me^s, 28 , 54 (1922). 

* J. Iron Steel Inst. 1, 70 (1909). 
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In 1906 I pointed out^ that ^'the most striking characteristic of an elec- 
trolytic reaction is that it occurs in two places — at the anode and the cathode* 
This peculiarity can be made less marked by bringing the electrodes nearer 
and nearer together. When the distance between them vanishes we have a 
chemical reaction in the ordinary sense of the word and not an electrochemical 
reaction. Any chemical reaction therefore which can be made to take place elec- 
trol3rtically must consist of an anode and a cathode process.^ Considering 
the matter in this Ught we see that in the chemical reaction there is a possi- 
bility of the anode and cathode' processes interfering, and of one perhaps 
masking the other, 

‘Tn some cases it is easy enough to tell what the anode and the cathode 
processes are. If we dissolve zinc in sulphuric acid, the formation of zinc 
sulphate is the anode process and the evolution of hydrogen is the cathode 
process. Now we know that pure zinc does not dissolve readily in sulphuric 
acid. Consequently we should expect to find a difficulty of some sort if we 
electrolyze sulphuric acid between zinc electrodes. We find this in the form 
of the so-called ‘excess voltage' at the cathode; and in the electrolytic process 
we can obtain a more or less quantitative measurement of the phenomenon 
though we are still far from knowing the cause of it. 

A less simple case is that of copper in dilute nitric acid. Copper reacts 
chemically with dilute nitric acid, setting free nitric oxide. The formation of 
copper nitrate must be the anode process and the reduction of the nitric acid 
the cathode process. When we start to test this we find difficulties. Every- 
body knows that we get ammonia instead of nitric oxide if we electrolyze 
dilute nitric acid, using a copper cathode. We have here an apparent contra- 
diction, the chemical reduction yielding nitric oxide and the electrochemical 
one ammonia, Mr. Turrentine was good enough to solve the mystery for me. 
When copper reacts chemically with nitric acid, the anode product, copper 
nitrate, is formed at the same spot that the reduction takes place. In the 
electrol3^ic reduction of nitric acid with a copper cathode, the reduction takes 
place in a solution practically free from copper salt. The conditions are there- 
fore not the same in the two cases. Mr. Turrentine therefore electrolyzed a 
solution of nitric acid and copper nitrate using a copper cathode. A gas was 
evolved at the cathode which proved on analysis to be chiefly nitric oxide. 
This experiment can be done in another form which is more striking. If 
dilute nitric acid be electrolyzed between copper electrodes, there will at 
first be no evolution of gas at the cathode. Gas will begin to appear as soon 
as the blue solution formed at the anode comes in contact with the cathode. 
A corollary to this is that ammonia would be formed in the chemical reaction 
between copper and nitric acid if the concentration of the copper salt could be 
kept sufficiently low. There did not seem to be any salt which one could add 
to the solution without introducing more complications than were eliminated. 
The difficulty was overcome by Mr. Turrentine in a distinctly ingenious man- 
ner. Strips of copper were bung vertically in a tall vessel. The copper nitrate 

1 Bancroft: Trans. Am. Electrochem. Soc. 9, 13 (1906). 

» Cf. Traube: Ber. 26 , 1473 (1893); Haber: Z. physik. Chem. 34* 514 (1900). 
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flowed to the bottom of the vessel and the copper was removed by electrolytic 
precipitation in the form of cupric hydroxide. No current flowed through the 
copper strips and there was no copper cathode; but ammonia was formed. 

‘^These experiments were performed to prove that the difference between 
the electrochemical and the chemical corrosion of copper by nitric acid was an 
apparent one only and due to an unsuspected difference in the conditions. In 
addition they illustrate the superior flexibility of the electrochemical method 
over the chemical method. In the electrochemical method there is no diflicul- 
fcy in varying the concentration of the copper salt at the cathode l^etween any 
desired limits, while this is very difficult to do in the case of the chemical 
method. This is in addition to the advantage, which the electrochemical 
method always has, of permitting a wide variation in the rate of reaction for 
constant temperature and constant concentration. If we are ever to have a 
thorough knowledge of the chemical reactions between nitric acid and the 
metals we must study the problem electrochemically. 

^^When metals are acted on slowly by oxygen in presence of moisture, it is 
known that half the oxygen reacts with water to form hydrogen peroxide, 
this hydrogen peroxide then often reacting with the metal. By shaking a 
zinc amalgam with a solution containing sodium and calcium hydroxides, 
Traulx^^ was able to isolate the insoluble calcium peroxide. So far as we now 
know hydrogen jK?roxide is formed at the anode only under special conditions, 
such as electrolysis of a concentrated sulphuric acid with a high anode density. 
Even under these conditions it is by no means certain that hydrogen peroxide 
is not a secondary product resulting from the decom[x>sition of persulphurie 
acid. On the other hand hydrogen peroxide is the first mduction product at 
an oxygen cathode. In the reaction studied by Traul)e the oxidation of the 
zinc is the anode process and the formation of hydrogen i^eroxide is the cathode 
process. A consequence of this is that if we electrolyze a caustic soda solution 
l^etween zinc electrodes and bubble in air round the cathode, we ought to get 
a corrosion at the cathode due to the secondary reaction of the hydrogen 
peroxide with the zinc cathode. It has been found that the cathode does 
corrode under the.se circumstances; but it is a little difficult to tell whether 
this corrosion is due to hydrogen peroxide or to the oxygen of the au*. WHIi 
an iron cathode the corrosion has never been anything like as gn^at as was 
obtained by simply bubbling air against the plate when no current was passing. 
This whole question calls for much more study than has yet been given to it. 

‘The slow oxidation of metals in contact with solutions means the corro- 
sion of these metals by these solutions, a very important problem. If we can 
substitute electrochemical methods for chemical ones, it means an enormous 
saving in time and a corresponding increase in the numlier and in the quality 
of the data which we can accumulate. A single experiment on chemical 
corrosion may easily last six weeks. This means great diflSculty in keeping 
conditions constant. By the time that experiment has been repeated several 
times with the variations which each repetition suggests, six months or a year 
have passed. On the other hand an experiment in electrolytic corrosion can 


» Bcr. 26, 1471 (1893). 
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be run through in a few hours, seven or eight at the outside. The advantage 
is obvious provided the results are the same in the two cases. We can see in a 
moment that the two phenomena must usually be the same. Suppose we have 
a copper plate^ in a sulphate solution which contains dissolved oxygen and 
suppose that the concentration of oxygen is not the same over the entire sur- 
face of the plate. We shall then have an oxygen concentration cell with copper 
electrodes and a current will tend to flow through the solution from the place 
of lower oxygen concentration to the place of higher oxygen concentration. 
Since the dissolved oxygen will never be absolutely imiform in concentration, 
its effect will always be to start a miniature electrolytic cell. The only real 
difference between the chemical corrosion and the electrolytic corrosion will 
be in the magnitude of the current. A special case occurs when the current 
makes a metal anode passive. In that case the metal does not corrode in 
that solution. Iron becomes practically passive when made anode in caustic 
soda solution or in concentrated nitric acid, and iron does not rust to any 
appreciable extent in these solutions. An iron anode is not attacked in a 
carbonate solution and is attacked in a bicarbonate solution. Iron does not 
rust readily in the first solution and does in the second. Iron dissolves quanti- 
tatively as anode in sulphate or chloride solutions and rusts with surprising 
rapidity in these solutions. Nickel becomes passive in sulphate solutions and 
does not rust. Nickel does not become passive in sodium chloride solutions 
and it corrodes in these solutions, though not rapidly. In general we may say 
that any addition which makes a metal passive in any solution will prevent 
the metal from corroding in that solution. 

‘^You have been told today that electrolytic corrosion and ch^^mical corro- 
sion are two fundamentally different things.^ I should prefer to word that 
somewhat differently and I should say that electrolytic and chemical corrosion 
arc fundamentally one and the same. Any apparent differences will be found 
to be due to special differences in the conditions, as in the case of copper and 
nitric acid to which I have already referred. It may also happen that an in- 
soluble salt wiU be formed as an adherent crust in one c£ise and as a non-ad- 
herent powder in another. This will of course have a material effect on the 
rate of corrosion whether electrolytic or chemical; but such cases are perfectly 
simple if examined carefully. One apparent discrepancy has occurred in our 
own work. When pure manganese is made anode in caustic soda solution, 
permanganate is formed. A caustic soda solution reacts with metallic manga- 
nese chemically, forming a hydroxide of manganese and setting free hydrogen. 
Mr. White soon found that a manganese anode forms permanganate in caustic 
soda solution only when the anode current density exceeded a certain limiting 
value. With lower current densities manganous hydroxide or manganese 
dioxide is formed. The apparent discrepancy is therefore an imaginary one 
due to the artificial difference in the rate of corrosion. 

can now pass to the question of the corrosion of alloys, under which 
heading the corrosion of iron could have been taken up. Very little careful 

^ Cf. Haber: Z. Elektrochem. 12, 32 (1906), 

®Toch: Trans. Am. Electrochem. Soc. 9, (1906). 
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work has been done on the elcctrol3rtic corrosion of alloys and the accepted 
theory of the phenomena is not at all in accord with the facts. In one of the 
latest text-books on electrochemistry we read^ ‘that obviously the potential 
of a mixture of two metals determines its behavior as anode.^ This means 
that the less noble metal or the less noble phase will dissolve first. Id the case 
of copper-tin alloys annealed just above 200°, we have five possible solid 
phases. From 100 to 87 percent coppei we have a series of solid solutions 
known as the a-crystals. From 74.5 to 67 percent we have the homogeneous 
{-crystals, also a series of solid solutions. These are the crystals which Hey- 
cock and Neville believed to be the compound CuiSn. At 61.3 percent copper 
we have the compound CuaSn, the only compound in the series. From 41 to 
40 percent we have a new series of solid solutions, the e-crystals, formerly 
supposed to be CuSn. Lastly, we have pure tin. The experiments of Hersch- 
kowitseh® and unpublished work by Shepherd show that the e-crystals have 
a potential differing from that of pure tin by only a few millivolts, while the 
CusSn, 6, and a-crystals differ in potential from pure copper by an even 
smaller amount. The order of solubility should therefore be tin, e, Cu^Sn, 
6 and a, the last being the least readily corroded. As a matter of fact, in 
most solutions tin and the a-crystals are the most readily attacked, while 
the ecrystals are the least readily corroded.* 

“The cause for this discrepancy between theory and experiment is that 
we are reasoning from stati(‘ to dynamic experiments, from a stationary state 
to a changing one. An electromotive force is measured on open circuit with 
no current flowing. Electrolytic corrosion takes place on closed circuit with 
a current flowing. 

“Reasoning from electromotive force measurements to current phenomena 
is permissible only when no surface change takes place and when equilibrium 
conditions are satisfied. We know now that neither of these conditions is 
satisfied with the bronzes, and there is no reason for supposing that these 
conditions will be fulfilled except in special cases. A number of the bronzes 
teeome passive owing to the formation of a surface film of stannic oxide. In 
both the copper-rich bronzes and the copper-rich brasses, the reaction between 
the alloy and a copper sulphate solution is so very slow that no reversible 
equilibrium is reached during corrosion. 

“While we cannot predict the actual way in which an alloy will corrode, 
from electromotive force measurements of the phases, we can predict that any 
change in the current efficiency with a given alloy as anode will coincide more 
or less closely with the appearance or disappearance of a phase. Some ex- 
periments on the behavior of bronzes by Mr. Curry bring this point out very 
clearly. In sodium sulphate solutions the only phases to dissolve arc pure tin 
and the copper-rich crystals known as the a-crystals. The current efficiency 
decreases as the percentage of these two sets of crystals decrease and is practi- 
cally zero for the 8, CuaSn, and ecrystals. In sodium acetate solutions we 

^ Foerster: ^'Elektrochemie wiisseriger Ldsungen/' 208. 

‘Z. physik. Chem. 27, 123 (1898). 

* [The argument does not depend at all on the assumptions made as to the nature 
of the solid plm^s. W. D. B.] 



802 


WILDER D. BANCROFT 


have a similar behavior, but the a-crystals are much less readily corroded in 
the sulphate solutions and the current efficiency becomes practically zero as 
soon as any 5-crystals are present. In sodium nitrate solutions the 5-crys- 
tals corrode until the copper content has fallen to about one-half the maximum. 
There is practically no corrosion with the tin-rich 5 crystals, with CuaSn, 
and with the c-ciystals, while alloys containing free tin corrode readily. 
In acidified ammonium oxalate solution, a and 5-crystals dissolve with one 
hundred percent current efficiency, while CusSn is less readily attacked and 
the current efficiency drops to about twenty-five percent. Still other relations 
are found in alkaline soffium tartrate solutions, while with senium chloride 
solutions there is no tendency for the alloys to become passive and the current 
efficiency is approximately one hundred percent over the whole range from 
pure copper to pure tin. 

thus see that the electrol3rtic corrosion varies with the natiu^ of the 
solution and that the changes in the current efficiency stand in a clearly- 
marked relation to the changes in the nature of the crystals present in the 
solid alloy. Special experiments on the chemical corrosion of the bronzes in 
persulphate and in chloride solutions show that the results are identical with 
those obtained for electrolytic corrosion in sulphate and in chloride solutions 
respectively. Since the identity of the chemical and the electrolytic corro- 
sions has been proved for these two typical solutions, it is fair to assume that a 
corresponding identity exists in the case of other solutions. The simple rela- 
tions which have been obtained in a relatively short time by a study of the 
electrolytic phenomena would have taken an immense amount of time if we 
had attempted to obtain them from a study of chemical corrosion alone. In 
fact it is doubtful whether any satisfactory result would have been obtained 
without the electrolytic corrosion. This method is obviously applicable to all 
other alloys and should lead to important results, especially in the case of the 
steels.^^ 

Cushman^ seems to have been the first to have emphasized the part that 
two phases may play in promoting electrolytic corrosion. He suggested that 
unequal distribution of manganese sulphide in fence wire might be one of the 
reasons why modern fence wire corrodes rapidly. This point of view was de- 
veloped more in detail® as time went on. considering the corrosion of 
iron it is important to remember that iron is a metal which readily combines 
with or dissolves nearly all the other elements. With possibly one or two ex- 
ceptions, there are no elements that do not either dissolve in or combine read- 
ily with iron. It is also unique in the fact that very small quantities of im- 
purities suffice to entirely change its physical characteristics. On account of 
this fact metallurgists scrutinize the hundredths of a percent of some of the 
principal impurities that are generally associated with this metal. This is 
particularly true, for instance, of the element phosphorus. It is so important 
to modem metallurgy that the amount of phosphorus should be controlled 
in certain forms of steel that an animated discussion is going on at the present 

1 Department of Agriculture. Farmers’ Bulletin No. 239 (1905). 

* Cushman: Trans. Am. Electrochem. Soc. 12, 403 (1907). 
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time between certain interests as to the control of the amount of phosphorus 
that steel shall carry, and the question at issue amounts to no more than a few 
himdredths of one percent. 

^^Manganese is also an element which is nearly always associated in modern 
metallurgy with iron and steel. Manganese decreases the electrical conduc- 
tivity of iron, and as the percentage of manganese, starting from zero, rises, 
the electrical resistance increases up to a certain specific maximum. You will 
see that if the presence of manganese in iron raises the electrical resistance, 
any change in the distribution of the manganese means that there will not be 
a constant electrical conductivity throughout its mass, or on any given sur- 
face. One who is familiar with the methods of modem metallurgy that the 
manganese is added for certain specific purposes, not as a rule quantitatively, 
but in accordance with the views of the iron master who has control of the 
mill or furnace. Moreover, the manganese is usually added by throwing 
lumps of ferro-manganese into the molten metal, either in the furnace itself, 
or in the ladle into which it has been poured. Chemists know the extreme 
care that has to be taken in order to get uniform mixtures of substances in the 
course of chemical operations. In the large scale of metallurgical processes, 
even if it were possible to take great care in the mixing, it still happens that 
when iron is cooled from che molten state, segregation takes place; that is to 
say, the impurities, although they may have been thoroughly mixed in the 
molten mass, do not remain homogeneously distributed after the metal is 
cooled. 

*Tor these reasons we must remember that in studying iron and steel from 
the standpoint of their stability, under the conditions of service, we are not 
dealing with homogeneous pure metal. It is not difficult for an electrochemist 
to believe that when such material is immersed in, or even brought into con- 
tact with, an electrolyte, electrolysis will take place upon the surface, and 
thereby induce rapid corrosion. It is probable that the corrosion of all metals 
is more or less due to electrochemical action. Before metals can be attacked 
at ordinary temperatures in the presence of water they must first pass into 
solution, and in passing into solution become ionized. This is true of copper, 
zinc, lead and the other metals that suffer corrosion. 

‘Tn accordance with the conceptions of Nernst and the modern theory 
of solutions, all metals have a certain solution pressure which will operate until 
counterbalanced by the osmotic pressure. Iron, however, appears to differ 
from the other metals in one important respect. The corrosion of iron does 
not take place evenly and uniformly over the surface. On the contrary, it is 
a matter of common observation that iron corrodes rapidly at certain weak 
points, the effect produced being known as pitting. That this effect produced 
by local electrolysis would hardly be doubted, even if it were not possible to 
demonstrate it by the use of the ferroxyl indicator. 

‘‘Early in this investigation the writer observed that whenever a specimen 
of iron or steel is immersed in water or a dilute neutral solution of an electro- 
lyte to which a few drops of phenolphthalein indicator has been added, a pink 
color is developed. If the solution is allowed to stand perfectly quiet, it will be 
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noticed that the pink color is confined to certain spots or nodes on the surface. 
The pink color of the indicator is a proof of the presence of hydroxyl ions and 
thus indicates the negative poles. 

Since phenolphthalein shows only the nodes where solution of iron and 
subsequent oxidation can not take place, Dr. W. H. Walker suggested the 
addition of a trace of potassium ferricyanide to the reacting solution, in order 
to furnish an indicator for the ferrous ions whose appearance marks the posi- 
tive poles. If iron goes into solution, ferrous ions must appear, which, with 
ferricyanide, form the well-known TumbulFs blue compound. Going a step 
farther, Walker suggested stiffening the reagent with gelatin or agar-agar, so 
as to prevent diffusion and preserve the effects produced. For this combined 
reagent, which indicates at one and the same time the appearance of hydroxyl 
and ferrous ions at opposite poles, the writer has suggested for the sake of 
brevity the name “ferroxyl.'^ If the reagent has been properly prepared the 
color effects are strong and beautiful. In the course of a few days the maxi- 
mum degree of beauty in the colors is obtained, after which a gradual deteriora- 
tion sets in. 

“In the pink zones, as would naturally be expected, the iron remains quite 
bright as long as the pink color persists. In the blue zones the iron passes 
into solution and continually oxidizes, with a resulting formation of rust. 
Even the purest iron develops the nodes in the ferroxyl indicator, but impure 
and badly segregated metal develops the colors with greater rapidity and with 
bolder outlines. This result would of course be expected, as in pure iron the 
formation of poles would be conditioned by a much more delicate equilibrium 
than in impure iron, where changes in concentration of the dissolved impuri- 
ties would stimulate the electrolytic effects. 

“In the writer^s opinion these effects which are produced in the ferroxyl 
indicator constitute a visible demonstration of electrol3rtic action taking place 
on the surface of iron, and causing rapid corrosion at the positive nodes.” 

One difficulty with the ferroxyl indicator is that it is too sensitive. Walker^ 
points out that “if a piece of chemically pure iron free from mechanical strains 
and without evident crystallization, be immersed in the ferroxyl indicator, 
the positive and negative zones will be apparent after a few moments. There 
appears to be an unequal concentration of oxygen or segregation of oxygen 
upon the surface, which cannot be explained by discernible differences in the 
character of the surface. If the ferroxyl indicator be removed, the surface 
cleaned by rubbing with a dry towel, and the indicator again applied, the 
same separation into zones is seen, though in an entirely different configuration. 
The indicator is apparently a very delicate one and susceptible to changes 
in equilibrium, which up to the present have not been detected by other 
means.” 

Walker goes on to say that “since corrosion is manifestly an electrochemi- 
cal action, it seemed probable that if two specimens of iron were selected, one 
of which had proven itself in practice as especially resistant to corrosion, and 
another which had shown itself to be very susceptible to corrosion, certain 

1 J. Am. Chem. Soc. 29, 1262 (1907). 
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differences in the electrochemical behavior should be discernible. Two sets 
of such specimens were obtained. The first consisted of two pieces of sheet 
metal which liad been used as culverts in road building, one of which had given 
way in but a short time while the other was practically intact. The second set 
consisted of two strands of wire from a piece of ordinary barbed wire fencing, 
one of which was badly corroded upon an exposure of but six months while its 
neighbor was apparently in its original condition. Nothing is known of the 
history of the two wires; the good piece of sheet was known to be from an 
open hearth steel ingot containing but a trace of manganese, and in the heating 
and rolling of wliich extra precautions had been taken to prevent segregation. 
The poor piece was known to be from an ingot of ordinary Bessemer steel. 

*Tf corrosion be an eWtrochemical phenomenon depending upon the for- 
mation of an anode portion and a cathode portion and the passage of a current 
between these two, the rate of this corrosion may te assumed to be proportion- 
al to the difference of potential Ix^tween the two surfaces.’' 

The results showed that ^'aroas having marked differences in potential 
exist in far greater nurnlx'r upon the surface of a piece of iron prone to corro- 
sion than upon iron which is resistant to corrosion/’ Walker was careful to 
add, however, that “it is as yet too early to decide that measurements of this 
kind indicate the tendency of iron to corrode; but we hope to obtain definite 
information on this point by investigating a large numl)er of specimens of 
known resistance to corrosion.” 

Since differences of homogeneity will tend to cause local voltaic cells and 
will therefore' tend to cause* corrosion, the natural corollary is that, if other 
things are equal, the most homegeneous metal will corrode the least rapidly. 
This is absolutely souiifl; but then people assumed, perhaps unconsciously, 
that other things wen* equal and that therefore the most homogeneous metal 
would corrode* the least rapidly. This unwarranted assumption has done a 
great deal to retard the e*ffective study of conosion, because attention has 
b(*en concentrated unduly em the question of homogeneity to the comparative 
exclusion of more important factors; and many people have believeel that the 
electrolytic corrosion theory was justifiable only in case homogeneity was the 
most important factor in preventing corrosion. 

In 1917 E. A. Richardson and L. T. Richardson^ report on experiments 
on the relative corrosion of cast iron, steel, and pure iron. They conclude 
that “the results of this test agree with other tests and add to the evidence 
already accumulated, that the resistance of an iron to coirosion does not neces- 
sarily depend upon its purity or homogeneity, as would be indicated by the 
electrol3rtic theory of corrosion. The theory, in its present accepted fonn, 
does not explain the great resistance offered by cast iron to corrosion. While 
it may be true that the initial rusting is largely electrolytic in character, otlier 
factors, such as adherence of the rust and the protection thereby given to the 
metal, come into operation and outweigh any electrolytic corrosion — con- 
clusion that has also been arrived at by other observers.’^ 


* Trans. Am. Electrochem, Soc. 31 , 195 (1917). 
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There is nothing about the electrolytic theory of corrosion which precludes 
the formation electrolytically of insoluble and protecting coatings* The 
authors have substituted for the theory of electrolytic corrosion the narrow 
views of some of its protagonists. As was pointed out by Speller^ in the dis- 
cussion of their paper, their results do not in any way ^^throw discredit upon 
the electrolytic theory. Copper-steel has been mentioned, and here the longer 
life seems to be due to the formation of an oxide which adheres very tenaciously 
to the surface of the iron. Copper-steel and ordinary steel in the atmosphere 
act very much the same for the first few weeks, after which the corrosion of the 
copper-carrying steel is retarded very materially, and in some cases actually 
seems to stop.’’ 

We cannot criticize the Messrs. Richardson very severely for the attitude 
they took, wrong though it is, because even Walker,® four years later, seems 
to consider the effect due to homogeneity as the most important feature of the 
electrolytic theory of corrosion. 

*‘The mechanism of corrosion is now fairly well understood. Whitney 
in 1900 showed it to be an electrochemical phenomenon, obeying the laws of 
electrochemistry. It was the privilege of the writer to demonstrate in 1907 
the function of oxygen in corrosion, and to apply the experimental facts to the 
preservation of many engineering structures. The engineering public, how- 
ever, has been slow in availing itself of the published work on corrosion prob- 
ably for a number of reasons. First, the entire literature of corrosion is full 
of apparent contradictions and obvious misnstatements. This is occasioned 
by the fact that corrosion is a most complex phenomenon and that factors 
which may be controlling in the results are frequently overlooked. No two 
men have the same sample of iron and steel; the heat treatment is generally 
different, the analysis imperfectly known; the state of the surface and the 
finish is neglected, and a host of other important conditions completely ig- 
nored. No wonder the results present discrepancies, and the public fails to 
show an interest in them. Second, certain conclusions which in the early days 
seemed to follow logically from the electrochemical theory of corrosion have 
been shown to be erroneous, and have led to disappointing results. Possibly 
the logic was false; but at any rate we cannot crown the theory with any far- 
reaching beneficial results. If I may paraphrase, '‘the 6vil that a theory does 
lives after it; the good is oft interred with its bones.” The theory that the 
earth was flat delayed the discovery of America by a number of centuries; the 
phlogiston theory guided experimenters to fruitless fields of investigation and 
wasted much valuable time and energy. And so with the doctrine that homo- 
geneity of structure in iron and steel, insures an absence of corrosion. The 
public is still told through advertising propaganda that the old Newburyport 
bridge withstood Atlantic Ocean storms for over one hundred years because 
the iron with which it was built was pure and homogeneous, when, as a matter 
of fact, the majority of the links of the great chains were very impure and ex- 
tremely heterogeneous. The further fact that when these very pure links were 

A Trans. Am. Electrochem. Soc. 31, 199 (1917). 

» Trans. Am. Electrochem. Soc, 39, 53 (1921}. 
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rolled dowjD to sheet form and exposed to the weather, they rusted like modern 
iron and disappeared in a few years, is conveniently ignored. The old black- 
smith's forge apparently introduced an element of protection which has not 
yet been predicted by the electrochemical theory nor realized by laboratory 
experimentation. 

‘‘Corrosion may be divided into two classes — ^that taking place in the at- 
mosphere with free access of the oxygen of the air, and that in positions from 
which the air is or can be excluded. In the first field the work of Mr. D. M. 
Buck stands pre-eminently the greatest contribution made in the art of pre- 
venting corrosion since the introduction of hot galvanizing. Impartial evi- 
dence is now legion that no commercial iron or steel so well withstands at- 
mospheric corrosion as does steel containing approximately 0.2 percent copper. 
When thus alloyed eve i the much maligned Bessemer steel excels in resistance 
to corrosion the widely-heralded, pure, open-hearth iron. Unfortunately, 
copper-bearing steel is not a child of the electrolytic theory, although we have 
no doubt that when adequate explanation of the wonderful effect of this small 
amount of copper is finally suggested, it will be found to be essentially elec- 
trochemical. With the unbroken record of successful achievement now possess- 
ed by copper-bearing steel, and the low cost of metallic copper, there seems to 
be no excuse for the fabrication of those structures which must withstand 
exposure to the weather, from any other material. 

“But a copper-bearing steel produces its own protective covering only 
when the oxygen concentration is high. When the amount of oxygen is 
limited, as when the stnicture is immersed in water, other protective means 
must be found. If all of the oxygen in a system could be removed, corrosion 
would cease. This fact was early recognized by Mr. F. N. Speller, and the 
careful experimentation carried on by him diuing the last twelve years in the 
application of this principle to the preservation of engineering structures, is 
now being crowned with success. Enough operating data from large installa- 
tions are now available to demonstrate the effectiveness of this method of 
conserving iron and steel/’ 

This statement by Walker called forth a rather bitter reply from Cushman/ 
“It is of course perfectly natural that Dr. Walker should have become a 
strong proponent of the copper alloy theory in corrosion resistance, and it is 
noteworthy that he now deserts the so-called electrolytic theory of corrosion 
and seems to point out that homogeneity of structure of iron and steel is not 
worth while, from a corrosion standpoint. My own recollection is, and I 
think the record will show, that Dr. Whitney neither formulated a theory nor 
attempted to prove an3rthing. He published, as I recollect it, a short paper, 
in which he suggested, as the result of a passing observation, that the corrosion 
of iron might be explained or linked up to the Arrhenius, van’t Hoff, and 
Nemst conceptions of the theory of solutions. Dr. Whitney stated that this 
suggestion might be sustained by careful research which he thought worth 
while. He did not, however, pre-empt the field, but put bis suggestion out as 
an invitation to men who had more time to enter this field of investigation. 


^ Trans. Am. Elcctrochem. Soc. 39 , 57 (1931). 
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Dr. Walker has cited a number of authorities who sustain his views on copper- 
bearing steel, but he chooses to ignore by citation any workers in the field who 
disagree with his opinions. Dr, Walker states that in 1907 he had the privi- 
lege of demonstrating the function of oxygen in connection with corrosion. 
I may state that in 1905 and 1906 I had already demonstrated, by the use of 
phenolphthalein the formation of electropositive and negative nodes whenever 
iron or steel is rusting. This led to the development of the ferroxyl test which 
proves electrolytic action. Now a thing that is proved is not a theory. The 
electrolytic explanation of corrosion is not to be evaded or avoided, no matter 
whether it coincides with an individual bias or prejudice or not.’’ 

It is to be noticed that Cushman’s statement that ''the electrolytic expla- 
nation of corrosion is not to be evaded or avoided” is perfectly true but does 
not show chat homogeneity is necessarily the important factor or even a de- 
sirable factor. In the discussion Walker^ says fcbat "it is obvious from a read- 
ing of my paper that not only have I not abandoned the electrolytic theory of 
corrosion, but that I predict that when the explanatioo for the remarkable 
l)ehavior of small amounts of copper in reducing corrosion is explained it will 
be found to be essentially electrochemical. Certain conclusions which at 
first seemed to follow from the electrol3rtic theory of corrosion have now proven 
themselves erroneous.” 

It is rather curious that the delusion as to homogeneity being the most 
important point should have taken hold of people so firmly, because Walker^ 
pointed out years ago that a continuous coating would protect iron even 
though the coating were a material which would accelerate corrosion when 
placed in contact with the iron. "I have already shown that mill scale, or 
magnetic oxide of iron, is strongly electronegative to iron. Since mill scale is 
insoluble in water and cannot of itself enter into the reaction, its only function 
can be analogous to that of platinum or other insoluble conductor of this 
kind, viz, to furnish a surface on which the hydrogen liberated by the dissolv- 
ing iron can separate and be catalytically oxidized to water again. This is 
also true of the black oxide protective coatings sometimes used upon iron and 
steel, as, for example, that of the Bower-Barf process. Just as is the case in 
mill scale, these coatings are very serviceable so long as the whole coating is 
intact. But so soon as a portion of the metallic iron is exposed, this portion 
corrodes all the more rapidly on account of the presence of the surface of 
scale on which the oxidation of the hydrogen and consequent depolarization 
can go on. The inevitable result is that a 'pit’ forms at the exposed point 
and grows deeper and more marked in proportion as the scale is dense and 
closely adherent to the iron surface. Hence, if it were possible to remove the 
mill scale entirely from steam boiler tubes, for example, pitting would be 
largely eliminated, and the life of the tube prolonged.” 

Attention seems to have been focussed on the disadvantage of a break in 
the protecting coating of this type and people have rather overlooked the 

^ Trans. Am. Electrochem. Soc. 39, 59 (1921). 

* Trans. Am. Electrochem. Soc. 14, 181 (1908). 
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possibility of a self-healing coating such as we actually have on aluminum and 
on nickel. The new stainless steel owes its properties to a coating of this type. 

Lambert,' in England, has made out an astonishingly good case for the 
non-corrodibility of a homogeneous metal. “The impurities contained in the 
best commercial iron must, from a chemical point of view, be regarded as con- 
siderable, and, in the light of our present knowledge of the great modifications 
capable of being produced in the properties of substances by the presence of 
even minute traces of impurities, it cannot be contended that experiments 
with impure iron afford trustworthy grounds for a satisfactory theory of the 
oxidation of iron. 

“The aim of the present investigation, was to bring together, under the 
simplest possible conditions, the purest obtainable water, oxygen, and iron, 
in vessels which would lie least likely to be acted on by any of th(\se sub- 
stances. . . . 

“The choice of the kind of vessel in which to carry out the experiments 
was the cause of much difficulty. It was finally decided to use vessels made of 
transparent fused silica as being least likely to l)e affected by cither water, 
iron, or oxygtm. After many trials and experiments, a simple form of glasvH 
vessel was devised, which, with a tube of clear fused silica, gave all the ad- 
vantages of an apparatus made entirely of silica, since the water which col- 
lected in the silic^a tube and came in contact with the iron must have condensed 
on the inside of the silica tube itself . . . . 

“The material employed in the preparation of pure iron was a pure speci- 
men of ‘Kahlbaum^ ferric chloride. The salt was foimd to be free from sul- 
phate, arsenic, alkali, or alkaline earth metals. A solution of the salt w^as made 
in conductivity water and electrolysed l^dween electrodes of pure iridium foil. 
This method is made possible by the fact that pure iridium is not attacked by 
chlorine, which is evolved at the anode. The metallic iron which wiis deposit- 
ed on the cathod(' was then thoroughly w'ashed with conducti\nty water, and 
dissolved in pure dilute nitric acid. This solution of ferric nitrate in excess of 
nitric acid w^as concentrated on the water-bath, and the salt crystallized from 
the solution in concentrated nitric acid. The crystals were separated from 
the mother liquor, washed with pure concentrated nitric acid, and recrystal- 
lized four or five times from this solvent. The crystals so obtained were 
colourless, or white when seen in bulk. It is to be noticed that ferric nitrate, 
prepared from ordinary pure iron, has, when seen in bulk, a pale violet colour 
like that of iron alum, and thai the colour cannot be removed by repeated 
crystallisation from pure nitric acid. 

‘The ferric nitrate crystals were transferred by means of a spatula of 
iridium foil to a pure iridium boat. The boat was then heated in air on a 
thick tile, so that the flame gases did not come in contact with it. The ferric 
nitrate was thus converted into the oxide or basic nitrate. The boat containing 
the flakes of oxide was then placed into a transparent silica tube, and heated 
in an electric resistance furnace to a bright red heat (just above 1000®), while 

' J. Chem. Soc. 97 , 2426 (1910); 101, 2056 (1912); 107 , 210, 218 (19*5); Trans 
Faraday Soc. 9, 108 (1913). 
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a stream of pure hydrogen was passed through the tube,^ . . . The hydrogen 
was prepared by the electrolysis of a solution of pure bariiun hydroxide .... 
The electrol 3 rtic cell contains two pairs of large platinum electrodes and is 
capable of producing a steady stream of hydrogen. The gas was passed 
through a U-tube containing lumps of pure sodium hydroxide, in order to 
remove excess of water vapour, and then through another U-tube containing 
tightly-packed glass wool. 

^The metallic iron so obtained, by diiect reduction of the flakes of oxide 
or basic nitrate, had a distinct metallic lustre and a light grey colour. If the 
flakes of oxide were ground in an agate mortar before being reduced, the iron 
produced by reduction was light grey in colour, but had little or no lustre. 
The properties of the two kinds of iron were the same.'^ 

'Tt was found that puie iron, prepared exactly as described above, did not 
undergo any visible oxidation when treated with pure water and pure oxygen 
in vessels made of clear fused silica, and that there was no change even after 
several months. 

“If, however, ferric nitrate, prepared from ordinary pure iron, was used, 
even after ten recrystallisations, and iron made from it by precisely the same 
method, the iron invariably showed signs of oxidation in two or three hours, 
and, after twelve hours, there was always a considerable deposit of reddish- 
yellow ferric oxide on parts of the metal. Oxidation also took place even when 
the oxide prepared from the nitrate was strongly heated in a stream of pure 
oxygen for several hours before being reduced to the metal. 

“It is impossible that iron prepared in this way can contain anything more 
than a very slight trace of impurity, and that impurity, whatever it may be, 
cannot be of such a nature that it is acid, or will give an acid on oxidation. 

“Again, if platinum vessels were used, particularly if a platinum boat was 
used in which to reduce the iron, the iron produced readily imderwent oxida- 
tion in two or three hours, and oxidation invariably took place at those parts 
of the metal which had been heated in contact with the platinum boat. 

“Richards, 2 in his work on the atomic weight of iron, prepared iron in 
somewhat the same way as we have done, but he distilled the nitric acid used 
from a platinum retort, and employed platinum vessels throughout for his 
preparation. He states that the iron always contained slight traces of platin- 
um, and that, when it was dissolved in acids, a small black speck of platinum 
remained. 

“This small trace of platinum, which may be merely attached to the iron, 
or may be present in the form of a solid solution, would seem to be enough to 
cause oxidation to take place. 

^ In some experiments the oxide was heated in a stream of pure oxygen for several 
hours before being reduced, in order to remove the occluded nitrogen which is contained in 
most oxides formed from nitrates. This operation, however, was round to be unnecessary, 
since the prowrties of the resulting iron were exactly the same as when the oxide or basic 
nitrate was directly reduced in hydrogen. The slight oxidation undergone by the iridium 
not seem to affect the iron. The occluded nitrogen was undoubtedly removed by heating 
in hydrogen to the high temperature of the furnace. This temperature was between the 
melting point of silver and that of copper. 

* Proc. Am. Acad., 35 , 253 (1900). 
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**A 11 kinds of commercial iron which were used readily rusted under the 
same conditions of experiment, as also did iron made with the most scrupulous 
care by many other methods. 

specimen of commercial electrolytic sheet iron (99.9 percent of iron), 
which had been polished and treated with a i percent solution of chromic acid 
for three months, and afterwards washed with pure water and quickly dried, 
readily rusted under the same conditions of experiment. This method of 
treating ordinary iron is said by Moody to remove the impurities from the 
surface of the iron. It seems probable that other reasons must be sought for 
the non-rusting of the commercial iron used by Moody under bis precise con- 
ditions of experiment. 

“It would seem to be proved from these experiments that pure iron will 
not xmdergo visible oxidation in contact with pure water and pure oxygen, 
but that a small trace of impurity in the iron is sufficient to cause oxidation 
under exactly the same conditions of experiment, even if this impurity be not 
of an acid nature or likely to produce an acid during the reaction.” 

In the second article Lambert^ says that “pure iron has been kept in con- 
tact with pure water and pure oxygen, under atmospheric pressure, for more 
than two years without showing any signs of corrosion or alteration of any 
kind. Further, ordinary air can be substituted for pure oxygen and ordinary 
tap-water for pure water, and the result is the same — ^the surface of the metal 
remains bright and untarnished for an apparently indefinite time. The ex- 
planation of this fact is to be sought in the greater homogeneity of the iron, 
due to its purity. If such iron be really homogeneous, and all parts of it have 
the same solution-pressure, then, on the above theory, a piece of metal placed 
in contact with an electrolyte will not furnish the conditions for the production 
of an electric current; since there is nothing to bring about the passage of an 
electric current, the iron cannot therefore pass into solution and no corrosion 
can take place. It does not necessarily follow from the fact that the iron does 
not rust that there must be perfect homogeneity in the metal. It may be 
that differences of electric potential do exist on the surface of the iron, but 
they are so much smaller in this iron than in any commercial varieties of the 
metal that, in the presence of water and oxygen the electric current which passes 
between the points of different solution-pressure is so small that the amount 
of iron passing into solution is not sufficient for the formation of a perceptible 
amount of rust even after long periods. 

“A striking confirmation of the truth of this argument is afforded by the 
following experiment: Some pieces of pure iron which bad been exposed to 
water and air for several months without showing any signs of corrosion were 
carefully dried between Swedish filter papers. Some of the pieces were then 
placed in a polished agate mortar and pressed strongly with an agate pestle, 
whilst others were left untouched. All of them were then again put in contact 
with water in silica tubes and exposed to air. The pieces which had been sub- 
jected to pressure in the agate mortar showed signs of corrosion in less than 
an hour, and after several hours a golden-yellow deposit of rust had formed 


1 J. Chem. Soc. 101, 2068 (1912). 
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on those parts of the iron which had not been pressed, whilst the parts which 
had been pressed by actual contact with the agate remained quite bright. 
Those pieces of iron which had not been pressed showed no signs of corrosion, 
proving that the piocess of drying had not been the cause of the striking altera*- 
tion in property of the pieces which had been put under a strain. 

‘‘The pieces of metal which had been subjected to'^pressure consisted of 
two modifications of iron, a pressed part and an uopressed part. These two 
varieties of iron would have a different solution-pressure, and so, when placed 
in contact with the electrolyte water, would constitute a self-contained gal- 
vanic element. The fact that rust formed on the unpressed part showed that 
iron passed into solution at that part, which was therefore relatively electro- 
positive to the pressed part. 

“That the pure iron is not absolutely homogeneous — ^that it does possess 
electrically different parts — is indicated by its behaviour toward acids and 
towards solutions of salts of the alkali metals in the presence of air or oxygen. 
These reactions are still under investigation, and can only be considered very 
briefly at present. 

“It may be said generally that cold dilute sulphuric and nitric acids have 
very little visible action on the metal, but that even very dilute cold hydro- 
chloric acid causes the slow evolution of bubbles of hydrogen. The metal 
readily dissolves in all three acids on warming, but, again, hydrochloric acid 
is much more vigorous in its action than the others. 

“The action of solutions of alkali salts on the metal in contact with air 
shows many irregularities which still await investigation. Pure iron which had 
been exposed to the action of water and air for many months without showing 
any signs of rusting, underwent corrosion in a few hours when transferred to a 
normal solution of sodium chloride in air. 

“That other constituents of the air Iresides oxygen play no part in this re- 
action is shown by the fact that corrosion took place just as readily when pure 
oxygen was used. 

“The chlorides of potassium and ammonium seem to have a similar action, 
but, curiously, the corresponding sulphates and nitrates behave differently. 
The pure iron may be exj^osed to concentrated solutions of the sulphates and 
nitrates of sodium, potassium and ammonium in the presence of air, often for 
many days, without undergoing much corrosion. 

“It seems quite possible that the study of the action of salt solutions on 
pure iron may bring to light some definite evidence for the view held by the 
author that a considerable factor in determining the corrosion iron is the alter- 
ation in the electrical character of the different parts of the metal brought 
about by the action of salts and acids, 

“It is well known that all ordinary forms of iron, when placed in contact 
with solutions of copper salts, are immediately covered with a deposit of metal- 
lic copper. It is only when the metal has been rendered ‘passive', by one of the 
many processes which produce this condition, that iron can be made to remain 
unaffected in a solution of a copper salt. The copper salt solution must be 
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very dilute^ and even then the passive iron recovers its ordinary behaviour 
after several hours, and causes copper to be deposited on it. 

'*Pure iron will withstand the action of a saturated solution of copper sul- 
phate or copper nitrate, at the ordinary temperature, for an apparently inde- 
finite time, without losing any of its metallic lustre and without any percepti- 
ble trace of copper being deposited. 

^^Some specimens of iron which had been exposed for several months to a 
concentrated solution of copper sulphate were removed, washed, and dried, 
and examined under the microscope. The curious structure of the surface 
was exactly the same as it was before the iron was placed in contact with the 
copper sulphate solution. 

**Pure copper sulphate, free from iron, was used, and the solution after 
being in contact with the iron for many months failed to give any test for the 
presence of iron. 

‘Tf the temperature of the copper sulphate solution is raised to that of 
boiling water, deposition of copper on the iren slowly occurs, and finally, after 
some hours, the iron passes into solution completely, and copper is left behind 
in the form of very small crystals. 

'^Copper is also deposited on the iron if it is pressed in an agate mortar 
Ix'fore being put in the solution of copper sulphate, or if it is pressed with a 
quartz rod while under the copper sulphate solution. 

'^The behaviour of the pure iron towards copper chloride is, however, 
quite different. If a concentrated solution of copper chloride is used, the iron 
Ixicomci? coated with copp<er immediately it is put into the solution, and, within 
a few minutes, the iron all disappears, and only finely divided copper remains. 

*4f a very dilute solution (less than one percent) of copper chloride is used, 
the action is slower. For a few seconds the iron retains its brightness; then 
dull spots are seen at some points on the surface of the metal; these quickly 
spread over the whole surface of the iron, and the reaction proceeds to an end, 
as before, in a remarkably short space of time. 

'*The experiment is perhaps even more striking if carried out in a vacuum. 
The finely divided copper, which is left after the first reaction, slowly dis- 
solves, and finally white, insoluble cuprous chloride is left. 

Similar results are obtained if a solution of sodium chloride is added to 
solutions of the sulphate and nitrate of copper. 

^‘Ordinaiy metallic aluminum behaves in much the same way towards 
solutions of copper salts. The metal is not affected by solutions of copper 
sulphate or copper nitrate, but, if copper chloride is used, or if sodium chloride 
is added to the solutions of copper sulphate or nitrate, precipitation of copper 
on the aluminum immediately follows. 

‘‘This behaviour of aluminum has been attributed to the fact that the 
metal, under many conditions, becomes coated with a protective film of hy- 
droxide or basic salt. 

“It is assumed that this protective film is more readily soluble in the hydro- 
chloric acid produced by the hydrolysis of the copper chloride than in the 
sulphuric or nitric adds from the sulphate or nitrate respectively. This argu- 
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ment is strengthened by the fact that aluminum is readily dissolved by bydro-^ 
chloric acid, whilst it is practically unaffected by sulphuric or nitric acids even 
at loo®, 

'^Experiments have shown that the same arguments cannot possibly bold 
good in the case of pure iron. 

"It is very improbable that iron prepared by the reduction of the oxide by 
hydrogen at a high temperature, and allowed to cool in the gas, would have a 
film of oxide on the surface, and, on account of the irregularity in the shape of 
the pieces of iron, it is unlikely that such an oxide film, if it existed, would 
form a complete, unbroken protective coating. 

"Nevertheless, the presence of some kind of protective coating on the iron, 
capable of being dissolved by cold dilute hydrochloric acid or nitric acid under 
the same conditions, would explain why copper is deposited from a solution of 
copper chloride and not from copper sulphate or copper nitrate solutions; it 
would explain, too, why iron when subjected to pressure under copper sulphate 
and copper nitrate solutions causes the deposition of copper on it, for pressure 
might bring about a disruption of such a film; and further, it might be con- 
sidered as an explanation of the fact that rise of temperature will cause copper 
to be deposited on the iron from copper sulphate and nitrate solutions, on the 
ground that such a film would be more soluble in hot than in cold acids. 

"There are two possible kinds of protective films which might conceivably 
be present on the surface of the pure iron, namely, (a) an oxide film produced 
by the reversible decomposition of small traces of water in the hydrogen used 
for the reduction of the iron oxide to iron, and (b) a protective layer of some 
hydride of iron produced by the absorption of the hydrogen as the metal cooled 
down in the gas. 

"Careful experiments have been made to test these possibilities. The hy- 
drogen used for the reduction of the iron oxide was dried by passing it through 
a long tube containing phosphoric oxide, so as to remove all but the most 
minute traces of water, and then the iron which was produced was brought 
in contact with copper sulphate solution whilst it was still in the atmosphere 
of hydrogen. The copper sulphate solution itself had been previously satur- 
ated with pure hydrogen. There was no deposition of copper on the iron, 
which remained quite untarnished in the solution. 

"Other specimens of iron were prepared and allowed to come in contact 
with the air before they were cold. A thin, yellow layer of oxide was formed 
on the metal, but this slightly oxidised metal caused the immediate deposition 
of copper when placed in contact with a solution of copper sulphate. 

"It is probable that, as suggested above, the oxide film does not form a 
complete protective coating; in such a case there would be differences of 
potential on the surface of the iron, and we should expect copper to be de- 
posited. 

"It must be concluded, then, that the non-deposition of copper by the 
pure iron from copper sulphate and copper nitrate solutions cannot be ac- 
counted for by the presence of a protective oxide film on the metal. 
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'^That the same argument holds good in the case of a possible protective 
film of hydride is proved by the fact that specimens of the metal which had 
been heated in a clear silica tube for several hours, at about 1000° in a vacuum, 
imtil spectroscopic tests showed that all the hydrogen had been removed, 
behaved in all respects as before — ^tbey remained quite bright and unaffected 
in contact with saturated solutions of copper nitrate and copper sulphate, but 
caused the immediate deposition of copper when placed in very dilute solu- 
tions of copper chloride. 

^*The behaviour of the iron under different conditions towards solutions 
of the sulphate and nitrate of copper can be readily explained on the basis of 
an electrolytic theory, but the extraordinary behaviour of the metal in copper 
chloride solutions is mysterious. 

“We have seen that the chlorides of the alkali metals have a very remark- 
able action in starting and promoting the rusting of the pure iron in air, and 
it may be that soluble chlorides have the power, in some way or other, of 
increasing the electrical differences which exist in the iron. If the chloridior 
has such a property it would also explain this curious behaviour of coppci 
chloride. For thft present this must be left an open question. 

Cushman^ has stated that no iron has been found of such purity that it 
gives no trace of positive and negative nodes in the ferroxyl indicator; but 
Lambert^s “pure iron remains quite bright, and causes no formation of positive 
and negative nodes when left in contact with the reagent for an indefinite 
time. If a piece of the pure metal is subjected to pressure, however, it behaves 
like other kinds of iron when put in contact with ferroxyl reagent. A pink 
colour develops in the jelly around the pressed part, and TumbulVs blue is 
formed round the parts which have not been subjected to pressure.^' 

While this is a very good piece of work, the author has proved too much. 
On any point of view copper will precipitate on iron unless the iron is covered 
with a film of some sort. All the experiments indicate the existence of a film. 
On the other hand the experiments to determine the nature of the film gave 
negative results. Consequently they are either faulty in some way or they 
do not cover the ground. It would Ixave been interesting if Lambert had de- 
termined the electromotive force of his pure iron. This is not essential how- 
ever and the film which keeps the copper sulphate solution from acting is 
quite suflScient to keep the metal from corroding. It seems practically certain 
that the film is an oxide film formed in the reduction experiments when the 
copper sulphate solution came in contact with the iron. It must he admitted, 
however, that it is not clear why rusting should take place at the unbruised 
portion rather than at the bruised portion. 

The experiments with lead* are also very interesting even though one can- 
not accept the author’s conclusions. “Many methods were employed to 
prepare lead in a high state of purity previous to its distillation in the manner 
described above; but it was found very diflScult to remove all traces of iron. 


^ ^‘Corrosion and Preservation of Iron and Steel,” 49 (1910). 
* Lambert: J, Chem. Soc. 107, 210 (1915). 
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Finally, lead was prepared by the method described by Stas.^ It was cut into 
small chips by means of a pure iridium spatula on to which a cutting edge had 
been ground.® The lead was then distilled in clear quartz tubes, which were 
about 7-8 mm bore and 25 cm long, and were divided into three compartments 
by narrowing the tube down to capillaries. The tubes were exhausted while 
the metal was kept in the molten state, and finally the lead was distilled at 
about 1200®. The first fraction was collected in the first compartment which 
was then scaled off. The middle fraction was collected in the second compart- 
ment, whilst the residue was left behind in the third compartment. It is 
worthy of note that the globules of lead obtained in this way adhered very 
closely on the under side to the quartz, producing a very fine reflecting surface. 
It was found that if the distilled lead was exposed to air a short time after 
distillation, but when quite cold, the brilliant surface was quickly dimmed by 
a film of oxide. If,- however, the metal was kept in the vacuous tube for several 
months, exposure to the air did not then cause any appreciable decrease in its 
brilliant lustre for several days. It was only the middle fraction of lead that 
was used in the experiments described above.’^ 

In another experiment water was distilled into the vessel within twenty- 
four hours after the distillation of the lead and then the vessel, containing only 
pure lead and pure water in a vacuum, was sealed off and set aside for twelve 
months. After the lead in the first vessel had remained in contact with 
water in a vacuum for twelve months the metallic lustre of the metal was 
quite unaffected. The point of one of the capillaries was then broken off in an 
atmosphere of pure oxygen, and the gas thus allowed to come into contact 
with the lead and water. For more than a week there was no visible tarnishing 
of the brilliant metallic surface of the large globule of lead which was under the 
surface of the water, but after that time the metallic lustre was gradually 
dimmed by the formation of a dark-coloured coating of oxide on its surface. 
The rate of corrosion was, however, so slow that after more than six months' 
exposure to the combined action of water and oxygen the layer of oxide was 
thin enough to display interference colours. After exposure for nearly a year 
the globule of lead is covered with a layer of a dark brown oxide, and minute 
crystals of hydrated lead oxide can be seen in the water." 

Lambert considers that lead probably exists in different modifications, 
the more instable forms predominating in the freshly distilled metal and giving 
it a heterogeneous character, which wdll tend to disappear with time owing 
to the conversion of the instable forms into the stable one.® ‘'When the metal 
is kept for a long time in a vacuum, it will become more homogeneous as far 
as its physical character is concerned, and consequently the rate at which it 
will pass into solution in water in the presence of oxygen will be greatly de- 
creased." 

* Bull. Acad. roy. Belg. 10, 295 (i860). 

^ Pure iridium is so hard that it is possible ter grind a sharp cutting-edge on to a plate 
of the metal. 

* Since room temperature is an annealing temperature for lead, the instable form 
may have been lead under strain. 
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Lambert^ draws the following conclusions from his work: — 

“(i) Pure lead which has been distilled in a vacuum undergoes very rapid 
corrosion when subjected to the action of pure water and pure oxygen within 
a short time of the distillation of the metal. Chemical tests fail to show the 
presence of lead in solution before the addition of oxygen. 

‘*(2) If the lead prepared in this way is kept for long periods in water, in a 
vacuum, before the oxygen is added, the rate of corrosion is enormously de- 
creased. 

“(3) Pure lead which has been distilled in a vacuum, and kept for some 
months, can be exposed to ordinary air for many da3^s without any appreciable 
diminution of its brilliant metallic lustre, but more prolonged exposure causes 
the gradual formation of a dark-coloured oxide on the surface of the metal. 
The pure, distilled lead resembles silver or mercury in appearance, and shows 
none of the blue or bluish-grey colour usually associated with metallic lead. 

‘'(4) The electrolytic theory of corrosion is applicable to lead. The passing 
of the metal into solution, wliich precedes corrosion, is due to electrolytic 
action between the electrically different parts of the mass of lead. In the case 
of chemically pure lead, the phy^sical heterogeneity (due to the presence of 
different allotropic modifications of lead in the mass of metal) causes parts of 
the mass to lie electrically different from other parts, and these electrical diff- 
erences persist for a long time after the preparation of the metal.” 

In this work Lambert has violated the first canon of research. It is 
legitimate to postulate allotropic modifications of lead. In view of the ex- 
periments of Baker^ on the behavior of dry mercury and dry benzene, it is 
perhaps legitimate to assign any properties one pleases to pure lead. These 
are assumptions ad hoc^ however, and must be justified independently. The 
author has not done this. He is also in error in saying that his results “afford 
vary strong evidence of the electrolytic theory of corrosion.” There is nothing 
in this theory, when applied properly, which requires that a homogeneous 
metal should be inert in the presence of a depolarizer like oxygen. The po- 
tential difference between silver and silver nitrate may be, and doubtless is, 
modified by the presence of impurities in the silver; but nobody would claim 
that we did not have reversible equilibrium between a silver nitrate solution 
and an absolutely pure and homogeneous sheet of silver. It is much more 
reasonable to assume that, on long standing in an alleged vacuum, a film 
forms on the lead which is more resistant than the oxide film which forms more 
rapidly. Lambert, has overlooked another point. In presence of water and 
oxygen his lead oxidizes slowly while his iron does not. For this to be true the 
iron must be more noble than the lead or it must be covered with a more re- 
sistant film. Very pure iron may be a metal as noble as silver; but this seems 
distinctly improbable and certainly requires proof. If pure iron has as low a 
solution pressure as silver, impurities must increase the solution pressure enor- 
mously which is very interesting if true. We must reject Lambert’s conclu- 
sions on the grounds that he has given no independent confirmation of bis 


^ J. Chem. Soc. 107, 217 (1915). 
• J. Chem. Soc. 121, 568 (1922). 
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postulates, that his conclusions are mutually inconsistent, and that his results 
are not in accordance with the electrolytic theory of corrosion though he says 
they are. With these obvious errors of omission and commission the prob- 
ability of his also going astray in some less obvious manner becomes painfully 
great. In any event his results are purely of academic interest so far as the 
problem of corrosion is concerned, because he finds that iron and lead of very 
high, though not the highest, purity behave as they should and corrode in the 
presence of water and oxygen. 

The function of oxygen as a depolarizer was pointed out by Walker^ 
sixteen years ago. “One fact regarding the corrosion of iron appears to be 
undisputed, viz., that oxygen is necessary for a continued action. This 
corrosive action can cease from two causes, viz., the osmotic pressure of the 
dissolved iron may increase until it neutralizes or compensates the solution 
pressure of the metallic iron ; or the action may l>e stopped by the separation 
of a film of molecular or gaseous hydrogen* upon the metal, which, owing to 
its resistance, prevents the flow of an appreciable current. From the fact that 
iron possesses, even in relatively concentrated solutions of iron salts, a very 
appreciable potential, it would seem highly improbable that the solution of the 
iron in water should be stopped by the osmotic pressure of that already dis- 
solved, and therefore, although the oxidation and subsequent precipitation of 
the already dissolved iron is the most striking function of the oxygen, it is 
probably by far the least important, and its real accelerating action lies in the 
destruction of the hydrogen film already separated out on the surface of the 
metallic iron.” 

In a later paper Walker* says that the “accelerating action of metals such 
as platinum, copper, and lead, and materials such as coke and millscale upon 
the corrosion of iron is undoubtedly due alone to the aid these bodies offer to 
the elimination of the hydrogen produced by the corrosion reaction, owing both 
to the low over-voltage of hydrogen upon these substances and to the high 
catalytic action of these materials on the hydrogen-oxygen reaction by which 
the deposited hydrogen film is removed. 

“While in specific cases the corrosion of iron can be absolutely controlled 
by first one and then another of these factors influencing it, too little attention 
is generally paid to the last one. The retarding action of the hydrogen film 
which is stable in the absence of oxygen and any acid-forming compound is so 
controlling that, from this point of view, oxygen (or air) may be said to be the 
cause of the corrosion. If oxygen be removed completely from boiler feed- 
water, the boilers will not pit or corrode. If oxygen be separated from the 
feed of ordinary hot-water supply lines, the *red-water plague’ and other corro- 
sion troubles will disappear. 

“By this removal of the cause of the disease, not only are all its ill effects 
avoided; but the necessity of drugging with alkali, removal of the products 
of corrosion and such curative measures, with their attendant evils, are elim- 

^ Trans. Am. Electrochem. Soc. 14 , 179 (1908). 

[* Walker has overlooked the polarization effect due to over-voltage (monatomic 
hydrogen).] 

* Trans. Am. Electrochem. Soc. 29 , 436 (1916). 
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inated, and in this, as in so many other cases, experience has proved preven- 
tion to be better than a cure. If electrical and mechanical engineers will only 
take more closely into their confidence their brother electro-chemists, we can 
together more quickly make available the knowledge on the subject of corro- 
sion already at our command for the elimination of the difficulties which 
corrosion introduces into commercial practice.^^ 

In line with this Speller^ says that ‘‘the electrolytic theory of corrosion 
as formulated in 1903 by Dr. Whitney has led to the development of certain 
protective systems which are based on the removal of d*ssolved oxygen from 
water. Careful experiments in the Research Laboratories of the Massachu- 
setts Institute of Technology and the National Tulx; Company have demon- 
strated that the amount of corrosion found is almost directly proportional to 
the amount of oxygen in solution and varies directly as the temperature. The 
predominating influence of free oxygen in water was suspec^ted l>efore this as a 
result of the early study of pipe corrosion, for the most striking fact in prac- 
tical pipe experience is that hot-water heating systems invariably show no 
corrosion to speak of after thirty^fivc' or forty years use whereas frequently 
hot-water supply systems operating at the same average temperature with the 
same water last only six or eight years. That this was independent of whether 
the material was iron or steel was fully demonstrated by many service tests 
which were conducted for a period of over ten years, in which representative 
pipes of each class were installed alternately in hot water lines. Quite re- 
markable results have l^een obtained when all the oxygen is removed from a 
hot water system either by a vacuum process or V)y chemical combination.^ 
“If the w'ater space of the heater is filled wdth thin steel lathing or if the water 
be made to flow through another tank containing steel scrap in this form, the 
residual oxygen will l)e fixed in a few minutes. Water so treated is practically 
inactive towards iron, and may be used in lx>ilers or steel economizers without 
fear of corrosion so far as the water is concenied. Other metals may l)e used 
for oxygen removal, such as zinc ; but iron is the most economical, not only 
because of its low first cost but for the reason that the ferrous hydrate formed 
removes an equivalent of oxygen in addition to oxygen taken up by the hy- 
drogen.’^ 

W. D. Richardson states that “oxygen is of the utmost importance in 
promoting the continuance of corrosion by acting as a depolarizing agent, 
and this action is particularly prominent in the corrosion of iron and its alloys. 
If, however, the hydrogen active in corrosion is liberated at corrosion cathodes 
with low over-voltage, polarization supervenes less readily and corrosion pro- 
ceeds at a greater velocity than in the case of a compari tively pure metal 
containing no suitable corrosion cathodes in its composition. Oxygen is more 
necessary to, and causes greater acceleration of, corrosion in pure iron than in 
an impure alloy such as cast iron, for in the absence of much oxygen relatively 
pure iron corrodes at an extremely low rate, but at a comparatively rapid rate 


1 Trans. Am. Electrochem. Soc. 39 , 141 (1921); J. Franklin Inst. 193 , 515 (1922). 

> Though not specifically so stated, dissolved carbon dioxide must also be removed. 
Trans. Am. Electrochem. Soc. 39 , 64 (1921). 
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in the presence of oxygen. The opposite behavior of relatively pure iron when 
compared with cast iron under different conditions of corrosion is one of the 
most striking phenomena connected with the subject, and will probably afford 
illuminating data when correctly interpreted.'^ 

Messrs. Bengough and Stuart^ dispute the depolarizing action of oxygen. 
“It is a ’well-tested experimental fact that no evolution of hydrogen gas from 
distilled water can be detected in the case of any of the metals mentioned above 
at the ordinary temperature, with the possible exception of magnesium. Even 
when the most careful microscopic search is made, none can be observed in the 
case of copper and zinc, as has been already reported® and recent work shows 
similar results for nickel and lead. With aluminum the evolution of hydro- 
gen can be detected to a very limited extent in London tap-water, and quite 
readily if the metal be treated with mercury and then immersed in distilled 
water; in the latter case, the hydrogen evolved is chemically equivalent to the 
aluminum corroded. In this case, therefore, Reaction I appears to take place; 
but with these exceptions no direct evidence of the evolution of hydrogen gas 
has ever been found by the present authors, or been recorded in the literature 
on the subject, in the case of corrosion of ordinary massive metals from alum- 
inum downwards in the electro-chemical list, in distilled water, conductivity 
water, or the specially purified water used by I^ambert in his experiments on 
iron and lead. Nevertheless, under certain circumstances, all these metals 
may be very considerably corroded by the action of distilled water in the 
presence of atmospheric oxygen. There are two possible explanations for the 
non-appearance of hydrogen. The first and more usually accepted explana- 
tion is that the hydrogen is displaced by the metal electrolytically, but imme- 
diately oxidized by the oxygen of the atmosphere with formation of water. 
The conception is that of electrolytic cells dispersed over the surface of the 
metal, from the anodes of which metallic ions pass into solution displacing 
hydrogen, which appears at the cathodes, and is immediately oxidized by the 
atmospheric oxygen. A second possible explanation is that either no hydrogen 
is displaced, or that though displaced from solution it never reaches the gase- 
ous form. 

“To the first view, grave objections may be urged. In the first place, when 
hydrogen is actively evolved, as in the cases of magnesium and aluminum al- 
ready quoted, it comes off from the seat of corrosion, such as a pit, and not 
elsewhere at a more or less distant cathode, as demanded by this theory. In 
the second place, A. M. Williams® has measured the depolarizing power of 
mixtures of oxygen and nitrogen at the ordinary temperature in the case of a 
silver-zinc cell, the mixture being allowed to play up the surface of the cathode 
of the cell. As compared with air, a 99 percent oxygen mixture gave an in- 
creased depolarization of 0.27 volt, and 55 percent oxygen of 0.165 volt; it is 
clear, therefore, that if air is a depolarizer, it is a very imperfect one. In the 

^ *^Sixth Report to the Corrosion Retfearch Committee of the Institute of Metals.” 
J. Inst. Metals, 28 , 72 (1922). 

^Kahlenberg: J. Am. Chem. Soc., 2S (1903). 

* J. Soc. Chem. Ind. 39 (1920). 
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third place, hydrogen can be collected quantitatively when displaced from 
acid by zinc in the presence of air, by magnesium from salt solutions, and by 
aluminum amalgam from distilled water, and this shows that little or none of 
the gas has been directly oxidized by the oxygen of the atmosphere to form 
water. The depolarizing action of atmospheric oxygen must be so slow in such 
cases, as compared with the rate of hydrogen production, that it is practically 
zero. In the fourth place, it has lieen found, in^the case of zinc, that when the 
metal is placed in very dilute acetic acid (i acid: 5000 water), the rate of 
corrosion by which it is comparable to that by distilled water, bubbles of 
hydrogen can be detected coming off from the surface of the metal; hence it is 
clear that at least part., and probably the whole, of the displaced hydrogen gas 
is not directly oxidized in the presence of water. But if the same sample of 
zinc be subsequently placed in distilled water, no evolution of hydrogen can be 
detected, yet the amount of zinc oxidized is approximately the same in the 
two cases if calculated over the whole area of the specimens, and much greater 
at certain localities in the case of distilled water than at any area in the acetic 
acid; hence the hydrogen should ha more easily detected, if it be really evolved 
at such areas, in the distilled water than in the acid. 

“Many cases could be quoted to illustrate the slowness with which cathodic 
polarization is removed in the absence of any depolarizer other than air, such 
for instance, as the necessity for the presence of potassium bichromate or 
nitric acid in the bichromate and Grove types of primary cell respectively, 
even though the cathode be of carbon, which should assist the oxidation of the 
hydrogen by adsorbed oxygen. 

“If oxygen functions solely as a depolarizer, rapid circulation of the liquid 
over the metal should assist corrosion by increasing the rate of removal of the 
hydrogen film. Actually, Newton Friend has shown that an increase of water 
speed over the surface of the metal increases the rate of corrosion of iron only 
up to a limiting speed. If the speed be increased l^eyond this limit, the rate, of 
corrosion rapidly falls. The latter result seems quite incompatible with the 
idea that the function of oxygen in corrosion is solely that of a depolarizer.” 

Mr. Speller informs me that hydrogen is found in their deoxygenated hot 
water systems and that iron will react with water, though slowly, to give hy- 
drogen at lower temperatures. If zinc reacts with water in the absence of air, 
one of the products must be hydrogen. If air is present, there is no necessary 
reason why hydrogen should be given off. The criticism as to the evolution of 
hydrogen from aluminum and magnesium is not well taken because the anode 
and cathode reactions will always occur as close together as possible so as to 
make the resistance in the circuit as small as possible, so that speaking about 
“a more or less distant cathode” is either absurd or deliberately misleading. 
Nobody denies that oxygen under most conditions is a slow and unsatisfactory 
depolarizer. Even under the most favorable circumstances we can only draw 
very small currents from a hydrogen-oxygen gas cell because of the rapid 
polarization. In the experiments with zinc and dilute acetic acid, it is probable 
that the evolution of hydrogen prevents the oxygen from coming in contact 
with the metal after the initial depolarization. With zinc and water, the rate 
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of corrosion is a function of the rate of diffusion of the oxygen among other 
things. The solubility and other properties of the corrosion products are also 
possible important factors. One cannot prove anything with experiments 
like this. 

The paragraph in regard to the use of bichromate mr nitric add in primary 
batteries is quite pathetic. People draw from these batteries currents which 
are enormously greater than any which would correspond to the corrosion of 
ordinary metaJs under ordinary conditions. One ampere means over a gram 
of zinc per hour which would be an unheard of rate of corrosion. 

There is some question as to the accuracy of Friend’s work on the effect of 
stirring on the rate of corrosion of iron/ so that a discussion of it is unnecessary 
at the present time. 

There is plenty of positive evidence as to the depolarizing action of oxygen, 
some of it coming from the opponents of the electrolytic theory of corrosion. 
Moritz Traube^ has shown that the first reduction product of oxygen at the 
cathode is hydrogen peroxide and this has been confirmed by Richarz and 
Lonnes,* though one must not have too much oxygen* if one is to isolate the 
product. This is not disputed by Messrs. Bengough and Stuart^ because they 
say specifically that it is very doubtful whether depolarization by atmospheric 
action takes place at all at atmospheric temperatures, except in special cir- 
cumstances, such as the presence of platinized platinum. They are willing 
to concede some depolarization in presence of platinized platinum ; but they 
deny its occurrence with any other metals. Unfortimately for this rather 
ingenuous view, Schonbein® showed that when lead amalgam is shaken with 
dilute sulphuric acid and air, hydrogen peroxide is formed in an amount equiva- 
lent to the corroded lead. Traube obtained similar results with zinc in the 
presence of water. Dimstan, Jowett and Goulding^ state that ‘'the conclusion 
is inevitable that, although hydrogen peroxide cannot be actually detected 
during the rusting of iron, this compound is probably formed as an intermedi- 
ate product of the change. . . . The conclusion that hydrogen peroxide is 
formed in the process of rusting receives strong support from the evidence 
accumulated by other observers that this compound is frequently produced 
in those chemical changes which involve spontaneous oxidation through the 
agency of the oxygen of the air. 

“The formation of hydrogen peroxide thus appearing to be a necessary 
part of the chemical process of rusting, the nature of this process required in- 
vestigation. The formation of hydrogen peroxide during various processes of 
oxidation has been explained, notably by Hoppe-Seyler in connection with 
physiological processes, by the supposition that the substance is oxidized by 
one atom of a molecule of oxygen, the other atom of which attaches itself to a 

1 Wilson: Ind. Eng. Chem. 15 , 129 (1923). 

*Ber. 15 , 243J. (1882). 

* Z. physik. Cnem. 20, 14s (1896). 

^ Bomemann: Z. ano^. Cnem. 34 , i (1903). 

* ''Sixth Report to Corrosion Research Committee of the Institute of Metals.’’ 

. I nst. Metals. 28 , 75 (1922). 

« Mellor^S "Treatise on Inorganic Chemistry,” 1, 926 (1922). 

’ J. Ch em. Soc. 87 , 1548 (1905). 
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molecule of water forming hydrogen peroxide. Thus in the case of iron the 
initial change would be 

Fe+02+H20 «Fe0-hH202. 

‘^On the other hand^ Traube has supposed the oxygen is taken, not from 
molecular oxygen, but from one molecule of water, the liberated hydrogen 
combining with a molecule of oxygen to form hydrogen peroxide. Thus, in 
the case of iron, Fe+0H2+02 = Fe0+H204, Traube’s view involves the 
assumption that hydrogen peroxide is not oxidised water, but ^reduced' or 
hydrogenised oxygen, and in support, of this contention he has brought forward 
a considerable body of evidence. 

**The two possible modes of formation of hydrogen peroxide have been 
experimentally investigated so far as they relate to the rusting of iron. Posi- 
tive evidence has been obtained in support, of the theory involving the decom- 
position of water, whilst negative evidence was fort.hcoming against the view 
that oxygen is taken directly from dissolved oxygen. The results distinctly 
support, the conclusion that water is decomposed by the iron and that the 
liberated hydrogen goes to form hydrogen peroxide with the dissolved molecu- 
lar oxygen. If the existence of hydrogen peroxide is prevented by the intro- 
duction of a soluble substance capable of destroying it, little or no action be- 
tween the iron and the water takes place at ordinary temperature. The oxida- 
tion process appears therefore to be a part of a definite cycle of chemical 
change, the energy of which is partly derived from the combination of the 
hydrogen formed. It has been found that rusting of iron can occur in the ab- 
sence of free oxygen provided that certain oxidising agents are present with 
which the hydrogen of the water can interact. 

“Another possible explanation of the formation of hydrogen peroxide in the 
rusting process may be noticed here. It has often been suggested that hydro- 
gen peroxide may he formed from oxygen dissolved in water, especially under 
the influence of light. If this were proved to be the case, the formation of 
hydrogen peroxide by the direct oxidation of wat.er would be established and 
an extremely simple explanation afforded of the phenomena of the oxidation 
of iron. There is, however, no satisfactory recorded evidence that hydrogen 
peroxide is ever produced in a solution of oxygen in water, whilst rusting com- 
mences and proceeds without interruption in the dark.'' 

“If the theory [of Hoppe-Seyler], which supposes direct action of iron on 
the oxygen is correct, it is probable that the oxygen could be replaced by 
nitrous oxide which, as is well known, is readily separated into nitrogen and 
oxygen. The reaction might proceed thus: 

Fe+0N2+H20 = Fe0+N2+H20, 

and rusting should therefore take place in the absence of free oxygen. Two 
experiments in which pure iron was left in contact with water and nitrous 
oxide in the absence of free oxygen were carefully carried out in the manner 
described, but no rusting occurred in either case." 

“On the other hand, if it is supposed with Traube that the metal first 
attacks the water liberating hydrogen, it ought to be possible to replace the 
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oxygen by some reducible substance capable of reacting with the liberated 
hydrogen. Rusting should then proceed in the absence of free oxygen. 

‘^Experiments were made in which potassium ferricyanide, nitroethane, 
nitrobenzene, methyl alcohol, free hydroxy lamine, and potassium nitrate, 
respectively, were included in the tube containing pure iron and pure water, 
the remainder of the tube being full of hydrogen. In order to prove the com- 
plete absence of oxygen the hydrogen, before being allowed to enter, was passed 
through a mixture of pure iron and water only, contained in a tube which was 
afterwards sealed up; since no rusting took place in this tube, the absence of 
oxygen was verified. The results of the experiments were as follows: In the 
case of potassium ferricyanide, the liquid assumed a yellowish-green colour, 
whilst the surface of the iron became coated with a blue substance; after a 
time the action ceased and no further change was observed. With nitroethane, 
ordinary rust was produced on the iron and the liquid became dark in colour. 
In the case of hydroxylamine, oxidation of the iron occurred and bubbles of 
gas were evolved. In another experiment in which the iron was exposed to the 
action of the hydroxlamine and water in a vacuum, the same action was 
noticed. With potassium nitrate and nitrobenzene, the iron remained quite 
bright. 

“The results of these experiments show therefore that the free oxygen can 
be replaced by potassium ferricyanide, nitroethane, or hydroxylamine, and 
that under these conditions rusting of iron takes place in the absence of free 
oxygen.^' 

Special experiments proved that rusting of iron does not occur at ordinary 
temperatures “in the presence of either dry or moist oxygen, carbon dioxide, 
or in a mixture of these gases if the temperature is constant. When, however, 
the temperature fluctuates and liquid water is deposited on the metal, rusting 
occurs in the presence of oxygen alone or mixed with carbon dioxide, but not 
in carbon dioxide alone or in oxygen mixed with ammonia. . . Experiments 
were also made in which pure iron and oxygen were left in contact with diy 
ether instead of water. In this case no rusting occurred. It is therefore con- 
cluded from the results of all these experiments that liquid water is essential 
for the rusting of iron, and that the chemical action involved is the reduction 
of the water by the iron, the hydrogen thus formed going to produce hydrogen 
peroxide, which, reacting with ferrous oxide first formed, produces the form 
of ferric hydroxide known as iron rust.’’ 

Dunstan and the others refer to Whitney’s electrolytic theory of corrosion 
but reject it in favor of what they call the hydrogen peroxide theory, appar- 
ently not seeing that, if oxygen acts as a depolarizer in an electrolytic cell, 
hydrogen peroxide must be formed by the reduction of the oxygen. The 
electrolytic theory of corrosion in presence of air is merely that we have a 
metal-oxygen cell M | H2O ] O2. Dunstan himself points out that the free 
oxygen can be replaced by potassium ferricyanide or nitroethane, which 
shows that a depolarizer is all that is necessary and that neither oxygen or 
hydrogen peroxide is essential. It is not clear just how the hydroxylamine 
functioned. If it acted solely as a reducing agent, it should not have been 
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beneficial and if it was reduced to ammonia, there is no reason why gas 
bubbles should have been given off. The phenomena described by Dunstan 
might occur if hydroxylamine lowered the over-voltage for hydrogen; but we 
do not know that it does that. 

While everybody has talked about the depolarizing action of oxygen, it 
does not seem to have dawned on them that a self-contained electrolytic 
action involves the existence of a short-circuited voltaic cell. In fact Ijambert^ 
says that ‘‘hydrogen peroxide, which is produced in the wet oxidation of lead, 
is the product of a subsidiary action, and has no direct bearing on the process 
of corrosion. It plays a part, however, in oxidizing the monoxide to higher 
oxides.” When a man throws away tricks in this way, it is not surprising that 
he does not win. 

Bengough and Stuart® evidently do not understand at all what is meant 
by a depolarizer. “It appears to be common ground with practically all in- 
vestigators of corrosion that the presence of oxygen is necessary if any appre- 
ciable amount of corrosion of the common metals by water is to take place at 
the ordinary temperature. There is at present, however, a wide difference of 
opinion as to the function of oxygen. Its role has been explained in two differ- 
ent ways. On one view its function is direct and primary; on the other (and 
this is a more widely accepted view), its function is considered to be that of a 
depolarizer, and consequently secondary. These two views may be expressed 
as follows in the case of a divalent metal: 

I. M+H 2 O+O — hM(OH)2 

II. /M+ 2 H 2 O — ^M(0H)2 + H2 
(Hj+O — 

Reaction I can conceivably take place whether or not a metal can displace 
hydrogen from solution. Reaction II can only take place if a metal is able to 
do so.” 

The second reaction should have been written to show the formation of 
hydrogen peroxide ; but that is a minor matter. The serious error is the state- 
ment that Reaction II can only take place in case a metal is able to displace 
hydrogen from solution. The effect of the depolarizer is to lower the cathode 
voltage and to make it possible for the reaction to occur at a measurable rate 
when it could not otherwise do so. Apparently Bengough and Stuart, would 
explain what happens at the cathode in the elentrol>"sis of caustic soda by say- 
ing that sodium is first set free and then reacts with water, setting free hydro- 
gen, Potential measurements would have shown Bengough and Stuart, that 
their statement was wrong. This error leads them naturallj' into another in 
the next paragraph, “Copper can only displace hydrogen from hot concen- 
trated hydrochloric acid, and then only to a very limited extent. In the case 
of copper, it is important to notice that hydrochloric and sulphuric acids in 
the cold will only attack the metal in the presence of oxygen, and there is little 

* J. Chem. Soc. 107, 218 (1915). 

* “Sixth Report to the Corrosion Research Committee of the Institute of Metals." 
J. Inst. Metals, 28, 70 (1922). 
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doubt that the explanation is to be found in the direct oxidation of the copper 
and the subsequent solution of the oxide/^ 

It is practically certain that this is not the true explanation. If we make 
up a cell with copper, sulphuric acid, and an oxygen electrode, the copper wHl 
corrode readily even though the oxygen is not in contact with it. The ordinary 
reaction is the same thing in a condensed form and the reaction goes through 
the hydrogen peroxide stage as shown by Dunstan, Jowett, and Goulding. 

Bengougfa and Stuart^ wish to limit electrochemical action of cases in 
which there is a measurable distance between the anode and the cathode; but 
the advisability of this as a working hypothesis is very doubtful. 

*‘On such a view the electrochemical process (except the colloid precipita- 
tion) operated entirely inside the pit, and the process and the result were 
practically indistinguishable from those associated with the oxidation of the 
metal; it was merely a question whether or not there was an intermediate 
and momentary formation of hydrogen — ^a question that eluded experimental 
test. In the limiting case in which the anodes and cathodes were indefinitely 
close together, the difference between chemical and electrochemical action 
disappeared, and this appeared to be the usual case. In default of evidence 
the authors preferred the broader term chemical. Subsequent to the initial 
action, whatever its type might be, corrosion proceeded precisely as on the 
authors' view . . . . 

*Tt might be pointed out that in certain cases electrochemical action be- 
came indistinguishable. Thus if hydrogen were being displaced by a metal 
in acid, and the hydrogen were being evolved uniformly as far as even micro- 
scopic observation could ascertain, then there was no means of distinguishing 
between spatial separation and contact between the reacting bodies, since any 
cathodes and anodes must be indefinitely close. The authors, therefore, pre- 
ferred to distinguish as electrochemical those cases in which a perfectly clear 
distinction could be made between the cathodes and anodes. It might be 
noted that the adherents of the electrochemical view of corrosion claimed that 
such distinction would be readily made by means of the ferroxyl test." 

This seems to explain what is otherwise a meaningless paragraph.^ “The 
oft-repeated general statement, that metals of a high degree of commercial 
purity are less readily corroded by neutral media than more impure metals 
(a statement that is usually put forward as a proof that corrosion is electro- 
chemical, though it is also explainable on other grounds), can only be accepted 
with great reservations. It is true that Ramsay and Reynolds' highly purified 
zinc was only slightly attacked by acid, unless a trace of platinum black was 
added to it. The platinum may, however, have affected the rate of corrosion 
by facilitating the chemical evolution of hydrogen at the surface of the metal 
owing to the lowered over-voltage rather than by the formation of a couple." 

These two things are identical and not antagonistic as Bengougb and 
Stuart would have us believe. The platinum acts by forming a couple which 

1 ^ ‘Sixth Report to the Corrosion Research Committee of the Institute of Metals.’’ 
J. Inst. Metals, 28, 128 (1922). 

* Beneough and Stuart: “Sixth Report to the Corrosion Research Committee of the 
Institute of Metals,” J. Inst. Metals, 28, 59 (1922). 
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permits the evolution of hydrogen at the platinum cathode because of the low 
over-voltage there. 

The proof of the pudding is in the eating. The Sixth Report does not in- 
cline one to accept the views of Bengough and Stuart. Some experiments 
on the action of metals on nitric acid are now being carried on at Cornell. 
When these are finished, there will be available some very interesting evidence 
of the effectiveness of the electrolytic theory of corrosion as a working hypothe- 
sis. Bengough and Stuart will scarcely claim that the consideration of this 
problem as a purely chemical one has been successful in giving us a satisfactory 
theory of the phenomena. 

Dunstan, Jowett, and Goulding^ made some experiments to determine 
what metals gave hydrogen peroxide when corroding in presence of oxygen. 
‘‘The action of oxygen and water on several metals in the presence of a trace 
of sulphuric acid, which would promote the liberation of hydrogen, was now 
examined in the following manner. The metal was placed under distilled water 
containing a trace of sulphuric acid, and oxygen was bubbled through the 
liquid for some time. The mixture was then shaken and tested for hydrogen 
peroxide from time to time. It was found in all these instances except in that 
of iron. A parallel series of experiments was carried out omitting the sulphuric 
acid, and, except in the case of zinc, no hydrogen peroxide could be detected. 

The results of the experiments made in the presence of acids were as 
follows : 

Metal, Result, 

Copper. After 48 hours, the liquid was of a faint blue colour, and 

gave a distinct reaction for hydrogen peroxide. 
Mercury. After 2 hours, a distinct reaction for hydrogen peroxide. 

Silver. After 24 hours, a trace of hydrogen peroxide was found. 

Lead. The liquid became milky at once, and gave a well-marked 

reaction for hydrogen peroxide. 

Bismuth. A well-marked reaction for hydrogen peroxide. 

Tin. The reaction was not so well marked as in the case of 

bismuth. 

Zinc. A well-marked reaction for hydrogen peroxide. 

Iron. Although examined from time to time, no hydrogen per- 

oxide could be detected. 

“Thus, hydrogen peroxide was found in every case except in that of iron. 
If hydrogen peroxide were produced in presence of iron, it would be at once 
decomposed. 

“In order to ascertain whether hydrogen peroxide would attack iron in the 
presence of a substance which inhibits ordinary rusting, metallic iron was intro- 
duced into solutions of borax and lime respectively, and hydrogen peroxide 
was then added. The iron in these cases remained unattacked although the 
peroxide was decomposed and oxygen was evolved. If a plate of bright and 
highly polished steel is immersed in a strongly alkaline solution of hydrogen 
peroxide, decomposition of the hydrogen peroxide is extremely rapid and 

‘ J. Chem. Soc. 87 , 1560 (1905). 
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bubbles of oxygen are liberated on the surface of the steel, yet no rusting 
occurs if the alkaline solution is fairly strong/' 

All this is grist to the electrol3rtic mill and this is not the only slip that 
Dunstan, Jowett, and Goulding made. One of their reasons for rejecting the 
electrol3rtic theory of corrosion was that it would not account for the fact that 
potassium bichromate solution prevents the rusting of iron. Bengough and 
Stuart^ make much of the same fact. ‘‘The action of bichromate solutions in 
passivifying metals is not readily explained on electrochemical lines, since 
bichromate is a powerful depolarizer, and would be expected greatly to en- 
hance any electrochemical action that took place in distilled water (as Indeed 
it does in certain acid solutions) .... An interesting point arises in con- 
nection with the function of known depolarizers, such as potassium bichro- 
mate. In electrochemical corrosion, as, for instance, in the case of the pri- 
maries, these substances powerfully promote corrosion of the anode. But 
when metals such as iron, zinc, and copper, and even magnesium, are placed 
in distilled water containing bichromate, corrosion is inhibited." Evans* has 
objected to the second part of the quotation as misleading because the bichro- 
mate is not added in contact with the corroding metal in the primary cell 
whereas it is in the corrosion experiments. “It was true that the presence of 
chromates at the cathodic portions of the corrasion couples would be favor- 
able to the reaction ; but at the anodic portions they would stop the reaction 
altogether. Since the cathodic action could not proceed without the anodic 
action, corrosion would cease. Many workers had shown that if an electro- 
lyiic cell fitted with an iron anode dipping in a neutral non-oxidizing salt solu- 
tion were joined to an external battery iron was dissolved at the anode; but 
the addition of a little chromate to the solution stopped the anodic dissolu- 
tion of the iron altogether. 

To this comment the only reply that Bengough and Stuart made, (p. 127), 
was that “the writers had been very interested in Mr. Evans' explanation 
of the behaviour of bichromate in inhibiting corrosion. He suggested that it 
was a case of anodic polarization produced by the formation on the anodic 
surface of some form of oxide. But surely this was a case of direct oxidation 
such as was postulated all along by the authors." 

Unfortunately, Bengough and Stuart did not explain what they meant 
by their last sentence. As a matter of fact we shall see that Bengough and 
Stuart were wrong and that Evans was right. It would have been interesting 
if Evans had carried the war into Africa and had pointred out that bichromate 
is not a strong depolarizer at the concentrations used in the corrosion experi- 
ments. 

One would think, to read the comments by Bengough and Stuart, that 
the upholders of the electrolytic theory of corrosion either knew nothing about 
the action of bichromate or avoided all mention of the painful fact. Nothing 

1 ‘'Sixth Report to the Corrosion Research Committee of the Institute of Metals.'’ 
Jour. Inst. Metals, 28, 52, 74 (1922). 

^ Discussion of "Sixth Report to the Corrosion Research Committee of the Institute 
of Metals." J. Inst. Metals, 28, 129 (1922). 
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could be further from the truth. Cushman and Gardner^ pointed out that 
^'as has already been noted, solutions of chromic acid and potassium bichro- 
mate inhibit the rusting of iron. In order to determine the concentration 
necessary to produce complete protection, a number of polished strips of two 
different samples of steel were immersed in bichromate solutions of increasing 
concentration, contained in tubes which were left quite open to the air. There 
were twelve tubes in each series, ranging by regular dilutions from tenth-nor- 
mal down to ten-thousandth normal. At the end of two months the last four 
tubes showed graded rusting with accumulations of ferric hydroxide. No 
rusting had occurred in any of the solutions above tube No. 8, which contained 
six-hundred-and-fortieth normal bichromate, a strength corresponding to 
about 8 parts of the salt in 1 00,000 parts of water, or about 2 pounds to 3,00a 
gallons. Since solutions of bichromate do not hydrolyze with an alkaline 
reaction, but on the contrary are usually slightly acid, some other explanation 
must be found for this remarkable phenomenon. On first thought it would 
seem a paradox that a strong oxidizing agent should have the effect of pre- 
venting the oxidation of iron, and yet this is precisely the case. If, however, 
the initial cause of rusting is the hydrogen ion, it is possible to believe that 
under certain conditions oxygen would prove the most effctive inhibitors. 

‘‘One of the authors has observed that, if a rod or strip of bright iron or 
steel is immersed for a few hours in a strong (5 to 10 percent) solution of po- 
tassium bichromate, and is then removed and thoroughly washed, a certain 
change has been produced on the surface of the metal. The surface may be 
thoroughly washed and wiped with a clean cloth without disturbing this new 
surface condition. No visible change has been effected, for the polished sur- 
faces examined under the microscope appear to be untouched. If, however, 
the polished strips are immersed in water it will be found that rusting is 
inhibited. An ordinary, untreated, polished specimen of steel will show rusting 
in a few minutes when immersed in the ordinary distilled water of the labora- 
tory. Chromated specimens will stand immersion for varying lengths of time 
before rust appears, but the induced passivity gradually disappears. 

“The passivity which iron has acquired can be much more strikingly 
shown, however, than by the rusting effect produced by air and water. If 
a piece of polished steel is dipped into a one percent solution of copper sul- 
phate, a lo-second immersion is sufficient to plate it with a distinctly visible 
coating of copper which cannot be wiped ofP. A similar polished strip of 
steel which has been soaked over night in a concentrated solution of bichro- 
mate and subsequently well washed and wiped will stand from six to ten 10- 
second immersions in i percent copper sulphate before a permanent coating 
of copper is deposited. Even a momentary plunging of the metal into the 
bichromate will induce a certain passivity, but the maximum effect appears to 
require a more prolonged contact with the solution. ... It has been 
already pointed out in a previous chapter that in many cases a stimulative 

^ “Corrosion and Preservation of Iron and Steel’’, iii (1910). 

* This experiment has failed in hands of certain experimenters who have not been 
careful to use the copper sulphate solution as dilute as directed. 
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and an inbibitive tendency may be at work at one and the same time. This 
assertion is well brought out by the following experiment in which an inhibitoi 
and stimulator are literally Spitted* against one another. Samples of bright 
steel wire were immersed in 100 cubic centimeters of a very dilute one-thou- 
sandth normal solution of potassium bichromate in a series of shallow dishes. 
The wire test pieces were suspended in the solution so that they did not come 
in direct contact with the glass siufaces of the dishes. This precaution should 
never be omitted in experiments of this kind, as owing to the absorption of air 
by glass, rusting is always stimulated at the point of contact between glass 
and iron. The first dish was left as a blank, the second received one drop 
equal to 1/20 cubic centimeter of a dilute tenth normal copper sulphate solu- 
tion. The third dish received two drops of the solution, and so on, each dish 
getting an increased amount of copper sulphate until twenty-five dishes had 
been prepared. 

*^Now it is apparent that we have in this system two contending forces 
at work. Iron has a higher solution tension than copper, and therefore tends 
to pass into solution, the copper tending to plate out on the iron. Chromate 
ions, on the other hand, put the surface of iron in a condition in which it cannot 
pass into solution. In the solution system iron-chromate-copper we have an 
equilibrium to be decided between two contending forces acting in opposite 
directions. It was interesting and instructive to note the results of this 
struggle, which was known to be going on, although the actual conflict could 
not be watched. In the first dish, in which no copper was present, no corrosion 
took place; in the second, also, no action was visible; in the third, however, 
minute specks of iron rust appeared. These were larger and more frequent in 
the immediately succeeding dishes, the test-pieces showing rust tuberculation 
with the well-known pitting effect. As the middle of the series of dishes was 
approached, both iron rust and precipitated copper began to appear side by 
side on the surface of the iron, and from thereon in the series more and more 
copper separated, while less and less rust formed, until in the end dishes copper 
and iron were changing places evenly over the surface without apparent 
hindrance. These experiments, and other of a similar nature, were repeated 
many times with the same results, and there seems to be no escape from at 
least the following two conclusions to which they obviously lead : 

‘‘(i) If the surface of iron is subject to the action of two contending in- 
fluences, one tending to stimulate corrosion and the other to inhibit it, the 
result will be a breaking down of the defensive action of the inhibitor at the 
weakest points, thus localizing the action and leading to pitting effects. 

^‘(2) While the concentration of an inhibitor may be strong enough to 
prevent the electrolyte exchange between atom and ion, it must be still 
stronger to prevent entirely the solution of iron and the subsequent oxidation 
which leads to the formation of rust-spots.^' 

Ehinstan and HilP state that all agents which inhibit rusting render passive 
the metals studied by them. Among the solutions acting in this way was a one 
percent solution of potassium bichromate. This was checked qualitatively 
1 J. Chem. Soc. 9 Q, 1835, 1855 (1911). 
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by Miss Souders^ at Cornell who suspended strips of magnesium, zinc, iron, 
and copper in a bichromate solution for several weeks. The surfaces of all 
these metals remained practically untarnished. If the electrolytic theory of 
corrosion is correct, this should mean that these metals would not undergo 
corrosion when made anode in a bichromate solution under suitable conditions. 
The solution used in the electrolytic experiments was M/40 K2Cr207 which is 
a little less than one percent. Voltage cur»*ent curves were determined for the 
cell M I K2 Cr207 1 Pt. With iron there was visible evolution of oxygen and 
hydrogen at 2.2 volts and the decomposition voltage was found by extrapola- 
tion to be about 2.0 volts. The evolution of hydrogen at the cathode shows 
that potassium bichromate is not a powerful depolarizer at this concentration. 
The hydrogen was not determined experimentally, so we cannot say definitely 
that there was no depolarization; but the curve was absolutely normal in 
every respect so it seems that the amount of hydrogen oxidized was negligible. 
This matter is now under investigation at Cornell. The iron anode did not 
corrode perceptibly, so there is perfect agreement between the ordinary and 
the electrochemical phenomena. In order to study the effect of the addition 
of sodium chloride, varying amounts of M/40 NaCl solution were substituted 
for the M/40 K2Cr207 solution. The decomposition voltage decreased with 
increasing relative amounts of sodium chloride and the corrosion of the anode 
also increased. The iron anode did not corrode perceptibly in the solution con- 
taining 99 parts bichromate to one of salt and the form of the decompositioT) 
voltage curve changed but slightly. With 75 parts bichromate to 25 parts 
salt, the decomposition voltage is roughly 0.5 volts by extrapolation. No ex- 
periments were made with a bichromate solution diluted with water alone; 
but a whole series of experiments is planned for different concentrations and 
temperatures. In order to compare the anodic corrosion with ordinary cor- 
rosion, strips of iron were immersed in solutions identical with those used in 
the decomposition-voltage experiments. At the end of a week the iron had 
corroded in all the mixtures except the one containing 99 parts bichromate 
and one part of salt, and the amount of corrosion varied directly with the 
concentration of the sodium chloride. 

Copper, zinc and magnesium corroded when made anodes in the potassium 
bichromate solution, which was distinctly not according to Hoyle. It was 
noticed, however, that the cell Cu | K2 Cr207 | Pt had an electromotive force 
of approximately 0.3 volts when measured on open circuit with a potentio- 
meter; but no current flowed when the cell was short-circuited on a milli- 
ammeter. No corrosion took place when a platinum wire was wrapped tightly 
round a copper wire and the whole was immersed in a bichromate solution, 
while marked tarnishing was perceptible in a few hours when a similar pair 
of wires was immersed in a M/40 Na2S04 solution. This showed that copper 
became passive for low current densities and active when a sufficient voltage 
was impressed. 

Miss Souders measured the anode potentials of iron, copper, zinc and 
magnesium in M/40 K2Cr207 at the decomposition point and found that they 


^ Unpublished thesis. 
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were all much more noble than they should be. The actual data will be pub- 
lished some day in her thesis. At low voltages, which is what we deal with 
in corrosion experiments, the ordinary and electrolytic corrosions run parallel; 
but the passivity breaks down at higher voltages for copper, zinc, and mag- 
nesium, just as it breaks down in the aluminum rectifier though the phenome- 
non is much more striking in the latter case. The difficulties imagined by 
Bengough and Stuart have vanished into thin air and we see that Evans was 
right in saying that the anode reaction was the important one in these cases. 

Alkalies are also inhibitors of corrosion; but the explanation of this action 
given by Cushman and Gardner,^ Walker, and others is inadequate. '*A 11 
substances in solution which contain hydrogen ions, such as acids, stimulate 
the corrosion of iron. This is also true of salts of strong acids and weak bases, 
which, though perfectly stable in a dry condition, hydrolyze in solution to an 
acid reaction; or which, though neutral in fresh solutions, undergo slow de- 
composition under the action of light, with the formation of acid salts or free 
acid. With certain exceptions, salts which are perfectly neutral in solution do 
not prevent oxidation but appear to aid it by increasing the electrolytic 
action. All substances which develop hydroxyl ions in solution, such as the 
alkalies or salts of strong bases with weak acids, to a certain extent inhibit, 
and, if the concentration is high enough, absolutely prohibit, the rusting of 
iron.® 

^Tnder the electrolytic theory the explanation of the protection afforded 
by hydroxyl ions is a simple one. Owing to the small dissociation of water, 
hydrogen ions cannot exist in a solution in which the hydrox^d ions are in 
excess.^ As hydrogen ions cannot exist or be locally formed in sufficiently 
strong alkline solutions, no attack is made upon the iron, which remains per- 
manently unaltered. If, however, the concentration of the hydroxyl ions is 
not sufficiently great, electrolysis can go on with an apparent stimulation of 
the pitting effects similar to that produced by perfectly neutral electrolytes, 
such as sodium chloride.’’ 

This view is not consistent with the later generalization of Dunstan and 
Hill that all substances which inhibit rusting render the metal passive. Miss 
Souders finds that with increasing anodic polarization of zinc in a one percent 
caustic soda solution, the zinc is first active, then passive, and finally active 
again. In a sodium chloride solution there is of course no evidence of passiv- 
ity; but marked evidence of passivity is to be seen with a 0.9% NaCl-bo.i% 
NaOH solution and the curve for 0.5% NaCl-bo.5% NaOH does not differ 
appreciably from that for 1% NaOH. An iron anode polarizes in 1% NaOH 
to practically the same value as in M/40 K2 Cr207, about o. 7-0.8 volts cathod- 
ic when the hydrogen electrode is taken as zero. Zinc is less noble in caustic 

‘ ^^Corrosion and Preservation of Iron and Steel,” no (1910). 

* Under exceptional conditions this statement may require modification. Iron has a 
considerable solution tension in strong boiling alkaline solutions; but in such a case the 
equilibrium is reversed and the metal acts the part of a negative radical in conjunction with 
oxygen. This point is at present being investigated. 

* [Cushman did not say exactly what he meant, which is that hydrogen ions cannot 
occur except in very low concentration.] 
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soda than in bichromate, while copper and magnesium are much more noble 
when polarized anodically in caustic soda than in bichromate. 

Bengough and Stuart^ are quite impressed with their observations on 
corrosion in distilled water and in sea-water. ‘^Support for the view that the 
course of corrosion is not always determined by the conductivity of a solution 
can easily be found, however, even in acknowledged electrolytes. Thus 
metallic zinc is corroded from four to six times as rapidly by stagnant distilled 
water, as by sea-water or 2.5 percent sodium chloride, both of which are ex- 
cellent electrolytes. Nickel and lead are also more rapidly corroded in stag- 
nant distilled water than in sea-water. It is clear, therefore, that the conduc- 
tivity of the corroding liquid may be quite a minor factor in many corrosion 
phenomena, whereas the nature of the scale may be a major factor. . . . 

^*This statement [in regard to over-voltage], however, does not take into 
account certain relevant experimental facts which are that distilled water will 
readily corrode zinc, even when highly purified, and no hydrogen is evolved; 
2.5 percent sodium chloride solution when stagnant, will only attack the same 
sample of zinc much less slowly; extremely dilute weak acid, such as acetic 
acid, will also attack it readily, but with quantitative evolution of hydrogen. 
It follows from these facts that neither the over-voltage nor the depolarization 
of hydrogen by atmospheric oxygen have any important effect on the result, 
since the former is not able to stop corrosion and the latter cannot assist it. 
The important facts determining the rate of corrosion are of quite another 
kind. Over-voltage phenomena, in fact, afford little assistance in elucidating 
corrosion by water and salt solutions, except in those comparatively few cases 
in which hydrogen is displaced from solution, e.g. by magnesium from sodium 
chloride solutions.’’ 

Only reckless men would draw any conclusions from experiments on the 
corrosion of zinc in distilled water and in sodium chloride solution. Miss 
Souders made some experiments with (i) aerated distilled water, (2) aerated 
sodium chloride solution, (3) stagnant distilled water, and (4) stagnant sodium 
chloride solution. At the end of five days the order of corrosion from highest 
to lowest was: aerated sodium chloride; aerated distilled water; stagnant 
water; stagnant sodium chloride. At the end of fifty days the order was stag- 
nant sodium chloride; aerated sodium chloride; aerated distilled water; 
stagnant distilled water. In all cases a film forms and at the end of fifty days 
the corrosion ceased practically in the cases of aerated sodium chloride, 
aerated water, and stagnant water, even if one substituted fresh liquid. The 
stagnant sodium chloride was not carried to an end; but it looked at the end 
of eighty-five days as though the corrosion were nearly ended. The amount 
of corrosion depends on the way in which the film forms and that is probably 
a function of many factors, many of them probably almost insignificant ones. 
I offer no explanation why the stagnant sodium chloride did so much better 
than any of the others; but I do feel that data like these should not be put 
forward seriously as proving anything. 

^ ‘‘Sixth Report to the Corrosion Research Committee of the Institute of Metals.’* 
J. Inst. Metals, 28 , 53, 80 (1922). 
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Another phenomenon which seems convincing to Bengougb and Stuart^ 
is the behavior of magnesium. ‘‘A very formidable difficulty in the way of the 
electrochenaical theory of corrosion is found in the effect of ions of the corroded 
metal on the rate of corrosion of a liquid containing them. The presence of 
these ions, in the case of such metals as magnesium, zinc, aluminum, iron, 
nickel, and tin, should decrease the rate of corrosion according to the theory, 
by increasing the osmotic pressure which opposes the solution tension. It has, 
however, long been known that magnesium chloride is an extremely powerful 
corrosive agent for magnesium,® far more so than distilled water or the chlor- 
ides of the alkaline earths or heavy metals, and hydrogen is freely evolved 
from the metal and does not protect it at all. Dhar* has shown that the pres- 
ence in solution of the ions of the corresponding metal increases the potential 
difference between the metal and water of a neutral salt solution instead of 
lessening it, as required by the theory in the cases of magnesium, aluminum, 
zinc, and iron; nickel and tin, on the other hand, show a decreased potential 
difference." 

Since magnesium cannot be precipitated from an aqueous solution, a 
magnesium electrode in an aqueous solution of a magnesium salt is not a 
reversible equilibrium and one cannot apply the Nenist theory to it. This 
is the same sort of mistake that Carhart^ made over twenty years ago when 
he wished to consider nickel in nickel sulphate solution as a reversible elec- 
trode. This is, however, a minor matter and the really important tiling is why 
magnesium corrodes more rapidly in a magnesium chloride solution than in 
distilled water. There is fortimately no dispute in regard to the facts. 

The explanation was suggested by Bryant® the same year that Tommasi 
published his experiments. Bryant studied the action of alcohol, water, and 
sodium sulphate upon magnesium and found that the rate of reaction in- 
creased from alcohol to sodium sulphate. “Magnesium has itself, I submit, 
the power to decompose water at all temperatures above 0°C, and the action 
is stopped by an insoluble coating of oxide forming in the metal. This would 
explain the change of color seen after the action has ceased, the renewal of 
action when the surface is cleaned, and the abundant evolution of gas from a 
solution of sodium sulphate, since magnesium oxide is more soluble in that 
than in pure water." If Bryant had only known the magic word, peptization, 
he could have explained everything. 

Miss Souders immersed two rods of magnesium, each lo cm long and i cm 
in diameter, in pure water and in one percent magnesium chloride solution 
respectively. The rod in the magnesium chloride solution became covered 
with white flakes® which were easily removed; the solution was milky, and 

» ^‘Sixth Report to the Corrosion Research Committee of the Institute of Metals.*' 
J. Inst. Metals, 28 , 6i (1922). 

* Tommasi: Bull. 21, 885 (1899); KaUenberg: J. Am. Chem. Soc. 25 , 380; Roberts 
and Brown: 841 (1903); Getman: 38 , 2596 (1916); 39, 596 (1917). 

*Z. anorg. Chem. 118 , 75 (1921). 

< Trans. Am. Electrochem. Soc. 1, 105; 2, 122 (1922). 

‘Chem. News, 80 , 211 (1899). 

®Cf. Evans; J. Inst. Metals, 28 , 117 (1922). 
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a considerable precipitate settled to the bottom. The rod which had been in 
the water acquired a dull lusterless surface which was moderately smooth; 
the liquid was clear. The rods were then transposed, the one that had been 
in the water being placed in the magnesium chloride solution, and the one that 
had been in the magnesium chloride solution being placed in the water. The 
rod which was now in the magnesium chloride solution began to flake and be- 
come rougher, the film originally produced by the water being obliterated en- 
tirely. The rod which had been transferred to the water l3ecame more like 
the one which had started in i^he water, the surface seeming smoother and the 
coating more adherent. It never got really back Ix^cause the original pitting 
bad been too severe. There is no question, however, but that the two films 
are quite characteristic and that the film in water retards corrosion. For this 
discussion it is immaterial whether one savs that magnesium chloride pep- 
tizes magnesium oxide or not. That is the simplest explanation because we 
know that zinc chloride^ jKqitizes zinc oxide, ferric chloride peptizes ferric 
oxide, and chromic chloride peptizes chromic oxide. The essential thing is 
that there is nothing mysterious about the corrosion of magnesium in a mag- 
nesium chloride solution. Any sceptic can repeat the experiments and satisfy 
himself. 

One reason why Bengough and Stuart^ have considered corrosion experi- 
ments in distilled water so important is that they believe that the conductance 
of the liquid medium should be a very important factor in determining the 
rate of corrosion. They say that a fact which is “difficult to explain on a 
purely electrochemical theory^^ is that “the conductivity of electrolytes is not 
directly connected with the amount of corrosion. “ There is some justification 
for this attitude. Walker^ stated that “the third factor [influencing the rate 
of corrosion] is the ease, due to the lack of resistance, with which the electric 
current, generated by the solution of the metal at one point and the separation 
of the molecular hydrogen at another, can pass from one of these points to the 
other. They may be infinitely close together, or separated by quite a distance. 
Therefore, this theory demands that solution or corrosion should take place 
more rapidly in water in which there is dissolved a trace of an electrolyte, than 
in absolutely pure water.’' 

Taken by itself, this paragraph might seem to support the contention of 
Messrs. Bengough and Stuart ; but this is one of the statements that every- 
body understands to mean that the rate of corrosion increases with the con- 
ductance provided other things remain equal — which they rarely do. In the 
preceding paragraph Walker had mentioned that caustic soda inhibits the 
corrosion of iron and that he had shown the inadequacy of Friend’s experi- 
ments by showing the presence of caustic soda on the iron by means of con- 
ductance experiments. Walker^ has covered the case explicitly himself in a 
later paper. The factors which iivfluence corrosion are: “third, the ease with 

1 ‘‘Sixth Report to the Corrosion Research Committee of the Institute of Metals.’^ 
J. Inst. Metals, 28 , 32 (1922). 

* Trans. Am. Electrochem, Soc. 14 , 178 (1908). 

* Trans. Am, Electrochem. Soc. 29 , 436 (1916). 
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which the hydrogen ion reaches the iron. For example, the wonderful re- 
sistance of sheet steel containing small quantities of copper is unquestionably 
due to the adherent nature of the film of oxide produced when corrosion starts. 
This film, as in the ease of the alumina coat on metallic aluminum, effectually 
insulates the metal and practically prevents further corrosion/* 

This seems to be an appropriate time to introduce two quotations from 
W. D. Richardson,^ just to show that people have recognized the existence of 
factors which would modify the conclusions which one might draw from the 
electrolytic theory of corrosion in its simplest form. 

^The solution tension of a metal which determines its position in the 
electrochemical series, one might suppose would be a dominant factor in 
determining the rate of solution in an acid, as well as the rate of corrosion. 
Abundant evidence shows that it does neither of these things. It represents 
only a tendency to go into solution, a tendency which under the ordinary 
conditions of the experiment is so quickly brought to a halt by various in- 
fluences, on the other hand so readily accelerated by catal3^ts, and so seldom 
realized, that the actual order of corrodibility and solution of metals is quite 
at variance with the order in the electrochemical series. It is so easily over- 
balanced by polarization with hydrogen, by the influence of oxygen with or 
without the resultant formation of a passive layer, by the effects of impurities 
in the metal, and by the influence of the products of corrosion, that it is rarely 
the determining factor.** 

^‘Matters do not occur according bo the simple idea or the simple concep- 
tion of the electrolytic theory of corrosion as advanced in the early days, and 
that is what I meant when I spoke of the older view of it. The recent view, 
and it is coming more and more into prominence, is that while this older view 
of a simple electrolytic theory is at the basis of all corrosion phenomena, there 
are so many modifying, upsetting and antagonizing influences that it does not 
take a straight course as we might expect if we had no further knowledge of it. 
Let me call your attention to one upsetting influence, rust, which I have 
emphasized over and over again, may accelerate in a general way, the corro- 
sion of iron. If it forms a closely adherent layer of the physical nature of a 
paint film over the entire surface, it may stop corrosion by preventing the 
access of water and oxygen, and if it is entirely adherent in patches, it may 
cause deep pitting. Now here we have the same general influence acting in 
different ways, in all instances upsetting the ordinary action of the corrosive 
substances and elements.** 

believe we have another influence to contend with which may act in 
different and antagonistic ways, namely oxygen. We know that oxygen is the 
chief disturbing influence in ordinary corrosion; it is the principal substance 
which causes corrosion to go in some other way than we might expect from the 
simple theory. We know that the corrosion of iron goes on at practically the 
zero rate in the absence of oxygen and in the presence of water, and we know 
it may go on very rapidly in the presence of pure oxygen and less rapidly in 
air. We know, too, that the influence of oxygen or an oxidizing agent on the 
* Trane. Am. Electrochem. Soc. 38 , 248 (1920); 39, 162 (1921). 
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surface of iron may be such as to produce the psissive condition, and when this 
condition supervenes, the iron behaves as monel metal and there is no corro- 
sion at all. I have been led to suspect by some phenomena, that I have men- 
tioned in an earlier paper in connection with some work on cast iron, that a 
modified passivity may supervene in instances where we have not suspected 
it. I do not know that this theory explains it, but in the case of cast iron we 
have some very peculiar rust-resisting properties, and it may be under certain 
conditions the iron coupled with graphitic carbon and under oxidizing condi- 
tions may assume, temporarily at least, or from time to time, or intermittent- 
ly, a passive condition. In discussion with Dr. Burgess last evening on the 
subject of copper steel, I spoke with him about the experiments which I had 
made, adding copper to normal nitric acid, with the result that the corrosion 
rate was lower, and he suggested that possibly in that case passivity was in- 
duced. I then spoke to him about the effect of graphitic carbon or cast iron, 
and it may be that in the case of the copper steel, we have an induced passivity, 
or intermittent passivity, which may accoimt for the action of copper in that 
instance. I think none of us can afford to be at all dogmatic in our discussions 
of corrosion, and particularly when we are dealing with a metal like copper of 
proved peculiar behavior,^' 

At the risk of appearing dogmatic, it seems that Bengough and Stuart^ 
are still living in the era of Cushman and Lambert, besides teing handicapped 
by a very rudimentary knowledge of electrochemistry. “If gold be placed in 
a beaker of chlorine water it will be slowly attacked, and pass into solution 
forming gold chloride. Since gold cannot displace hydrogen from water or 
hydrochloric acid, and is not attacked by the chlorine ions existing in such 
easily reducible solutions as cupric chloride, it is reasonable to assume that 
the reaction is not ionic but molecular and that the non-ionized chlorine 
molecule which exists in the chlorine water directly attacks the gold. 

2 AU+3CI2 — >-2CuCl3 liq.(+54338 cal.). 

This view of the action is suggested by the position of gold and chlorine in the 
electrochemical series; they occur together at one end, and would therefore 
tend to combine by virtue of their non-ionized valencies rather than by their 
ionized valencies. The fact that the resulting solution of the gold contains 
complex ions such as (AuChO)'^ in water, and (AuCU)' in dilute hydrochloric 
acid also suggests that the initially formed molecular compound does not 
entirely rearrange itself so as to form the simple Au‘ * and Cl' ions, which 
would be expected from the ionic formation of AuCL. 

“Thus, it seems reasonable to assume that the gold has passed into solu- 
tion by purely chemical action. It is possible, however, to arrange that the 
gold shall pass into solution electrochemically. If the chlorine water be re- 
placed by sodium chloride solution, no gold will dissolve; but if the gold be 
electrically coimected to a piece of platinum placed in another beaker con- 
taining sodium chloride, and the two beakers be connected by a siphon and 
chlorine water be poured over the platinum, then the gold will dissolve and a 

^ “Sixth Report to the Corrosion Research Committee of the Institute of Metals.” 
J. Inst. Metals, 28, 44 (1922). 
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current will pass. The action is now carried out electrochemically, since 
there is spatial separation of the reacting bodies and free energy has appeared 
as an electric current. Gold has been oxidised at the anode, thus: 

2 Au — >-2 Au * ‘ , 

and the chlorine has been reduced at the cathode thus: 

CI2— ^2 cr 

A similar result has been reached as in the chemical process, by a different 
route and at a different speed. 

^^A similar series of experiments could be carried out with platinum and it 
seems fair to assume that certain metals, at any rate, may be corroded either 
chemically or electrochemically, and that the actual conditions of the experi- 
ments might determine in which way the action would proceed.” 

Bengough and Stuart have been fair in admitting explicitly that it is 
only an assumption that gold reacts chemically with chlorine under these 
circumstances. What their experiments prove is that gold can react with 
chlorine electrochemically and that the same reaction takes place when there 
is no spatial separation. If one is to assume, as they do, that the whole type 
of reaction changes when the anodes and cathodes are very close together, 
one would like to know at what point the change in type occurs. It is quite 
possible that Bengough and Stuait would say that the change came when the 
chlorine was in contact with the gold and not with the platinum; but that 
will not do, because the same results would have been obtained with a gold 
cathode provided the resistance of the circuit was kept low enough. 

There is nothing to show whether they italicized the words “the platinum”, 
because they were surprised that the chlorine should be added there or be- 
cause they thought that their readers would be surprised; but there seems 
to be no justification for either thing because the general principle was ex- 
plained in detail by Ostwald' over thirty years ago. 

“As is well-known, amalgated zinc is not attacked by dilute acids, but 
it dissolves in acid with evolution of hydrogen if a piece of platinum wire is 
wrapped round the zinc. Zinc wrapped with platinum does not dissolve in 
solutions of neutral salts but does if a few drops of acid, sulphuric acid for 
instance, be added to the salt solution. For the platinum to have this effect 
it is only necessary for it to be in contact with the zinc at a single point. If 
one makes a staple out of zinc and platinum with the two ends only a little 
way apart and dips this into potassium sulphate solution so that a diaphragm 
of porous material, such as earthenware or parchment paper, separates the 
two ends, it is a simple matter to determine which of the metals, zinc or plat- 
inum, must come in contact with the acid in order to make the zinc corrode. 

“At first sight, the question seems absurd; for if the zinc is to corrode, it 
seems self-evident that the acid should be added to it. If one tries the thing 
out, however, the opposite proves to be true. When one adds acid to the potas- 
sium sulphate solution in contact with the zinc, no zinc dissolves except 
traces which would have gone into solution anyhow; it dissolves rapidly and 
there is a plentiful evolution of hydrogen when the liquid round the platinum 


physik. Chem. 9 , 540 (1892). 
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is made acid. The hydrogen comes off at the platinum as is always the case 
when zinc is in contact with platinum. In order to dissolve zinc under these 
conditions, it is therefore necessary to add the attacking substance to the 
platinum which is connected with the zinc and not directly to the zinc which 
is to be attacked.’^ 

Bengough and Stuart state that it is reasonable to assume ^‘that the non- 
ionized chlorine molecule which exists in the chlorine water directly attacks 
the gold.^^ They have evidently forgotten that WohlwilP has shown that a 
gold anode does not corrode in a neutral auric chloride solution or in a solution 
of chlorauric acid, HA11CI4. Chlorine is evolved at the anode, which seems to 
dispose pretty effectually of the assumption that chlorine reacts direct with 
massive gold. The anode does corrode when there is an excess of hydro- 
chloric acid so that chlorauric acid can be formed. While Bengough and 
Stuart are quite right in saying that gold cannot react with hydrochloric acid, 
displacing hydrogen, they have overlooked entirely the fact that gold can and 
does react with hydrochloric acid when chlorine is present as a depolarizer. 
Just as the corrosion or non-corrosion of iron in presence of oxygen is to be 
considered as the action of a cell, Fe I solution | O2, so the corrosion is to be 
considered as the action of a cell, Au | HCl | CI2. 

Coehn and Jacobsen^ have studied the anodic behavior of gold in gold 
chloride and in hydrochloric acid solutions and find that the gold anode be- 
comes passive at current densities which become higher as the concentration 
of hydrochloric acid increases. 

Bengough and Stuart.* devote nearly six pages to the behavior of copper 
electrodes in sodium chloride and cupric chloride solutions, so they presumably 
consider these experiments as significant. They placed a half-normal cupric 
chloride solution inside a porous cup and a three percent sodium chloride 
solution outside. In these two solutions they placed two similarly shaped 
copper electrodes (99.96 percent copper) and connected them metallically so 
as to form a concentration cell, the electrode in the sodium chloride solution 
being of course the anode and the one in the cupric chloride solution the 
cathode. At the end of twenty-four hours, the electrodes were removed, 
examined, dipped momentarily into strong hydrochloric acid to remove 
cuprous chloride, and then weighed. The anode lost 6.93 grams and the 
cathode had gained half a gram which they saw as crystals of copper. They 
do not realize that this is conclusive proof of bad experimentation. Under 
the conditions which they describe and thought they bad, no copper could 
precipitate on the cathode until practically all of the cupric chloride had been 
reduced to cuprous chloride and that they say was not the case. It is quite 
clear that a film of cuprous chloride formed over the cathode and that for a 
portion of the time no cupric chloride was in contact with the cathode. 

At the time when they started the electrolytic experiment, they also placed 
similar pieces of copper, not electrically connected, in each of the solutions. 


^ Z. Elektrochem. 4 , 381 (1898). 

* Z. anorg. Chem. 55, 330 (1907). , 

* Sixth Report to the Corrosion Research Committee of the Institute of Metals. 
J. Inst. Metals, 28 , 45 (1922). 
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At the end of the twenty-four hours the results were just what everybody 
would have predicted, a thin film of cuprous chloride on the piece of copper in 
the sodium chloride solution and a thick film of cuprous chloride on the piece 
of copper in the cupric chloride solution. After being cleaned, the copper in 
the sodium chloride solution bad lost 0.13 grams and the one in the cupric 
chloride solution 3.0 grams. 

Most people would consider the reaction between copper and a cupric 
chloride solution as essentially electrol3rtic; but not so Bengough and Stuart. 
Having assumed that the corrosion of copper in a cupric chloride solution is 
chemical, partly because no current is generated and partly because the corro- 
sion is fairly uniform over the surface of the copper, they say that ‘‘it seems 
fair to draw the conclusion that if copper is to be corroded electrochemically 
without the existence of an external electromotive force, it must either not be 
placed in the cupric chloride at all, or else it must be so placed that a con- 
centration cell effect may be produced. If it be placed in a homogeneous 
solution of cupric chloride, so that the essential condition of chemical action, 
namely, contact, be fulfilled, then it may be predicted that it will be initially 
corroded chemically, and energy will be set free as heat, since the action is 
exothermic. If the reaction products be not uniformly distributed, concen- 
tration cells may arise in course of time. From these experiments, it is clear 
that a metal can be corroded either chemically or electrochemically according 
to the conditions prevailing in its neighbourhood — conditions which are inde-- 
pendent of the metal itself. When conditions specially favour the electro- 
chemical type, the action may be more rapid than with the chemical type; 
when, however, they do not, then the chemical action may be more vigorous. 
For instance, if a considerable resistance be introduced into either or both of 
the conducting circuits, then the electrochemical action may be reduced ap- 
proximately to zero.'^ 

The experiments prove nothing in regard to the chemical corrosion of 
copper. It was assumed that the corrosion of copper in cupric chloride solu- 
tions is chemical corrosion. If one is to assume that, there is no point in the 
experiments because everybody admits that metals can be corroded electro- 
lytically. The only point worth noticing is that the electrolytic and the so- 
called chemical corrosions give identical products when the experiments are 
done carefully, though not when done by Bengough and Stuart. A point of 
view which does not enable one to detect obvious errors does not have much 
pragmatic value as a working hypothesis. 

After this unfortunate episode with cupric chloride Bengough and Stuart* 
say that “many other cases might be quoted which are difficult or impossible 
of explanation on the assumption that no direct chemical action can take place 
between the metal and the liquid in which it is placed; only two or three will 
be mentioned. Thus, if copper be electrically connected with aluminum in 
nitric acid (i of acid: 3 of water) the electromotive force of the couple is about 
0.47 volt, the aluminum being the anode and the copper the cathode. Never- 

^ “Sixth Report to the Corrosion Research Committee of the Institute of Metals.” 
J. Inst. Metals, 28, 51 (1922). 
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theless, the copper rapidly reduces the nitric acid in its neighbourhood and 
passes into solution with solution of oxides of nitrogen. The aluminum is also 
slightly, but much less attacked. In such circumstances it seems clear that 
the nitric acid is chemically reduced by the copper, which is simultaneously 
oxidized or corroded. If brass be electrically connected to metallic iron and 
the two be placed in strong cupric chloride solution, the iron will be the anode 
and the brass the cathode. The action, however, is not merely a displacement 
of copper by iron, since the cathode is gradually corroded away, or converted 
into a mass of loose copper crystals. It is not possible to explain either of the 
foregoing examples of the corrosion of the cathode on the assumption that such 
corrosion is due to local couples formed on the surface of the cathode, since the 
potential of every point of the surface of the cathode is below that of the liquid, 
and consequently no metal can pass into solution electrochemically ; moreover, 
the action can be obtained with highly purified copper substituted for the 
brass, the corrosive attack on which can be shown to be independent of the 
distribution of any impurity present.^’ 

This is the same fallacy, that a pure metal is incorrodible, plus the explicit 
assumption that local action is always chemical. If the corrosion of copper by 
nitric acid is chemical and not electrolytic, the case is proved and there is no 
need of going any further. If the corrosion of copper by nitric acid is electro- 
lytic, it is still electrolytic even though we superpose another electrolytic 
action. This corrosion of the cathode used to be trotted out as an argument 
against the chemical theory of the voltaic celP nearly a hundred years ago 
and it has rather lost Its effectiveness as a bugbear. Fechner^ set up a 
cell, Zn/H20/Cu/acid/Zn. Although the acid attacked the impure zinc of 
those days with violent evolution of hydrogen, the zinc in the water solution 
was the anode. Fechner considered this a conclusive experiment against the 
chemical theory of the voltaic cell and now we have a cell involving practically 
the same principle cited as a conclusive experiment against the electrolytic 
theory of corrosion. 

Bengough and Stuart® state that “the fact that local action is quite inde- 
pendent of the existence on metallic surfaces of cathodes and anodes is shown 
by the fact that any selected portion of a metal can be caused to suffer heavy 
local corrosion if the conditions external to the metal are suitably controlled. 
A simple way of showing this is to tie a piece of ordinary string round a piece 
of copper or brass and immerse the whole in sea-water. Active local corrosion 
will take place beneath the string in spite of the fact that access of oxygen to 
the corroded area is apparently greatly lessened. Local corrosion at any se- 
lected spot can also be produced beneath cotton-wool, coke, glass fragments 
(if not in too fine a state of division), paraffin wax (whenever liquid can pene- 
trate beneath the wax,) and many otW bodies. No such action takes place, 
however, beneath a deposit of red lead, which is an excellent depolarizer. Any 
purely electrochemical explanation of these phenomena is ruled out by the 

^Ostwald: “Elektrochemie,” 485 (1896). 

* Schwei^er’s Jour. Chein. Physik, 57 , 9 (1829). 

» “Sixth Report to the Corrosion Research Committee of the Institute of Metals.'* 
J. Inst. Metals, 28 , 66, 90, 98 (1922). 
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fact that they can be brought about by such insulators as glass and parafEin 

wax. ” 

The authors’ explanation of this (p. 98) is very obscure. In the first para- 
graph they say that “the preceding theory indicates that the ordinary local 
corrosion essentially consists in direct oxidation of the metal by dissolved oxy- 
gen. The reaction may be simply oxidation of the massive metal; but possi- 
bly the metal surface is then disintegrated by the corroding liquid to form 
colloidal metal and then oxidized. The resulting colloid acquires a charge 
under conditions whereby the metal holds the equivalent opposite charge, 
and these charges are only neutralized in presence of electrolytes. The 
colloid is thereby precipitated by the anion, and the corresponding cation dis- 
charged on the metal surface.” 

I understand the first sentence of that paragraph and believe it to be wrong. 
I do not understand the last sentence but it soimds like reversed electrolysis 
and neither the authors nor I believe in that. While we have never done any 
work on this type of localized corrosion at Cornell, I am quite willing to accept 
the explanation offered by Evans (p. 118) that the oxygen-free portion is nor- 
mally the anode and the oxygen-rich portion is normally the cathode. 

Bengough and Stuart^ have produced corrosion “without the use of any 
substance other than water and air.” They let a jet of water or salt solution 
carrying entangled air bubbles impinge on the metal. They find that a strip 
of iron corrodes on the side away from the jet, which means that the oxygen- 
poor portion becomes anode and the oxygen-rich portion becomes the cathode. 
This is exactly what one would expect on the basis of the electrolytic theory 
of corrosion. If we are dealing with a gas cell, the oxygen must form the 
cathode. The only difficulty with this is that copper behaves in the opposite 

way, the side where the jet impinges becoming anodic and not cathodic as in 
the case of iron. It is not surprising that Bengough and Stuart, should say 
that “clearly, it would be very difficult to form a general theory of corrosion 
on the lines of an oxygen concentration cell which took into account both 
these sets of facts,” and yet it is a pity that they did oot study the matter 
further. 

When Bengough and Stuart, showed me these experiments in London 
last year, I admitted, because I had to, that I had no explanation to offer for 
the phenomenon; but the electrolytic theory of corrosion is right when prop- 
erly applied and consequently I made the prediction that they had overlooked 
something, though I did not know what it was. On my return to Ithaca we 
started some experiments, varying the conditions. We placed two similar 
electrodes in a beaker containing M/i or M/a sulphuric acid, short-circuited 
the cell on a Weston milli-ammeter, and bubbled air against one of the elec- 
trodes. We confirmed the results of Bengough and Stuart in every respect. 
The electrode, against which air is bubbled, becomes cathode in the case of 
nickel and iron and anode in the case of copper. The differences of potential, 

* * **8ixth Report to the Corrosion Research Committee of the Institute of Metals.’ 

J. Inst. Metals, 28 , 66, 125 (1922). 
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as measured roughly with a milli-voltmeter, were of the same geneial order 
o. 5-2.0 millivolts. 

Mr. Vieweg then had the brilliant idea of bubbling hydrogen against 
one electrode. Distinctly to my surprise, the results were qualitatively the 
same, the electrode, against which the gas bubbled, being cathode in the case 
of nickel and iron, and anode in the case of copper, the observed voltages being 
somewhat lower than in the case of air. Since the phenomenon appeared not 
to depend primarily on the nature of the gas, similar experiments were made 
with nitrogen and with illuminating gas with similar results. 

A few quantitative corrosion experiments were then made using a solution 
of 28 cc. ethyl alcohol and 60 cc concentrated sulphuric acid diluted to one 
liter with water. The two short-circuited copper electrodes were separated 
by a porous cup and the gas was bubbled against one of them. With nitrogen, 
the electrode against which the gas was bubbled lost 48 mg while the unexposed 
electrode lost 5 mg in seventeen hours. With oxygen the exposed electrode 
lost 20 mg and the unexposed one 2 mg in three hours. With hydrogen the 
corresponding losses were 20 mg and 3 mg in nine hours. The corrosion is of 
the same order of magnitude in all three cases; but the actual rate of loss in 
oxygen is two to three times as much as in either of the other gases. 

It is evident that we are dealing with frictional electrification, a phenome- 
non which has not hitherto lieen considered in corrosion research. It is worth 
noting that these results agree satisfactorily with Lenard's observations on 
the electrification of drops of w^ater in different atmospheres. One wonders 
whether the method of preparing the standard hydrogen electrode really gives 
accurate values. It is of course possible that this effect may be negligible 
with platinized platinum ; but the mere possibility of an error of the order of a 
millivolt is a bit startling. It is to lie hoped that some of the people who spec- 
ialize in accurate measurements will look into this. 

Having eliminated the electrolytic theorj'^ of corrosion to their own sat- 
isfaction in many cases, Bengough and Stuart^ state that ^'it remains to deter- 
mine the nature of the reaction which does produce corrosion. The following 
considerations deal with the corrosion of single metals, and couples of which 
both metals corrode very much as when separated. Such couples in general 
show only small potential differences. It must be clearly understood that 
electrochemical action does predominate in the corrosion of other couples, the 
metals of which corrode in a manner different from that of the separated 
metals, and which show considerable differences of potential. 

“Leaving aside the latter, it is clear that there is some factor present in 
local corrosion the effect of which has become much more important than 
difference of potential. This factor is undoubtedly the *scale\ The term 
^scale^ has been defined as the mixture of solid, gelatinous, and colloidal suli- 
stances which is formed by corrosive action and remains in the neighborhood 
of the metallic surface. Corrosion has already been defined as the oxidation of 
a metallic substance, using the teim ‘oxidation^ in its general sense. Two 

‘ “Sixth Report to the Corrosion Research Committee of the Institute of Metals.’' 
J. Inst. Metals, 28 , 85 (1922). 
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well-defined types of corrosion, differing markedly in their effects on the metal 
surface, can now be distinguished from one another: 

^*(A) All corrosion products, except hydrogen and displaced gas or metals, 
completely soluble in the corroding liquid, giving true solutions. In such 
cases the metal surface is comparatively evenly attacked, and the solution- 
tension theory gives a reasonably correct account of the phenomena observed, 
though a strictly electro-chemical application of it is not necessary. Exam- 
ples: sodium in water and zinc in hydrochloric acid. 

‘‘(B) One or more corrosion products comparatively insoluble in the 
corroding liquid and closely adherent to the metal surface. Metal surface 
usually attacked locally, giving isolated ‘pits\ 

“It is important to notice that to obtain well-defined corrosion of type B 
the product must adhere closely to the metal. Thus aluminum amalgam in 
distilled water shows the first type of attack (type A), since the aluminum 
hydroxide, though insoluble, does not adhere to the metal surface. 

“With some metals, e.g. sodium, aqueous solutions always produce the 
first type of attack, since sodium hydroxide and sodium salts are readily 
soluble. Most of the metals in commercial use, however, can be made to 
undergo either type of corrosion by varying the nature of the corroding liquid. 
Thus zinc is fairly evenly attacked by dilute acids, even by very dilute acetic 
acid (type A), but in distilled water becomes deeply pitted and covered with 
gelatinous zinc hydroxide. In neither type of corrosion is there any definite 
evidence that the action at the metallic surface is electro-chemical in charac- 
ter.^' 

“The points in connection with local corrosion have already been fully 
considered, and will now be briefly summarized: 

“The corrosion of zinc in distilled water may be taken as an example of 
local corrosion (type B), and the following facts should be noted: 

“i. No evolution of hydrogen can be observed, although considerable 
corrosion takes place. This is in sharp contrast to the behaviour of zinc in 
very dilute acid, where the evolution of hydrogen is quantitative. 

“2. Pits rapidly develop, and the surface of the metal round each pit 
becomes covered with gelatinous adherent deposits of zinc hydroxide, which 
often protect the surrounding metal from corrosion for considerable periods. 

“3. If the pits be examined under the microscope while the metal is still 
wet, they will appear to contain nothing but clear transparent liqnid. The 
bright metallic surface at the bottom of the pit is clearly visible. 

“The most obvious feature of such corrosion is that intense action takes 
place at a particular spot, producing a pit in the metal, while the surface im- 
mediately surrounding this pit remains comparatively unattacked. Super- 
ficially considered, this observation seems to support the electro-chemical 
view very strongly, the pit being regarded as an anode, and the surrounding 
metal as the corresponding cathode. But it has been noted that this view will 
npt bear close investigation, since, for instance, no such local action occurs in 
dilute acids, although the action at the pit in distilled water may be more 
rapid than that occurring anywhere over the surface in acid.'' 
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We can agree heartily with Bengough and Stuart that the question of 
surface film or scale is all-important in the study of corrosion. After the 
smoke of battle has cleared, that will be the point on which we ought all to get 
together, to study the conditions affecting the formation and properties of 
surface films on metals. The work must be done definitely and specifically 
in each particular case and we must keep clear of the vague phrases which are 
painfully common at present. 

While agreeing absolutely with Bengough and Stuart that the study of 
film formation is the vital thing in the problem of corrosion, it must be recog- 
nized that there is nothing strikingly new about this, though most of the re- 
search in the past has been along different lines. Cushman and Gardner^ have 
a few pages on the protection of iron by the production of surface films of 
magnetic oxide or other substances. I have myself called attention to the 
bearing of surface films on corrosion^ and this has been emphasized by Curry.* 
Walker^ cited the case of aluminum and of copper-bearing steels. E. A. 
Richardson and H. K. Richardson* point out that “while it may be true that 
the initial rusting is largely electrolytic in character, other factors, such as the 
adherence of the rust and the protection thereby given to the metal, come into 
operation and outweigh any electrolytic corrosion — a conclusion that has 
also been arrived at by other observers. W. D. Richardson* has recognized 
three types of rust. My experience^ at the same meeting was that people were 
only too glad to take up the detailed study of protective films and, in fact, 
it was as a result of that symposium* that the present Corrosion Committee 
of the National Research Council was formed and that this report was written. 

While we know very little about the properties of surface films, there 
is one case which calls for special mention. Bengough and Stuart* point 
out that “as regards both copper and brass, the usual effect of cold-working 
the metal by punching, drawing, or rolling is to retard slightly the rate of 
corrosion both local and general, provided the finished surface is smooth, 
owing to the formation of a thin film of flowed material thal is somewhat more 
resistant to water corrosion than the underlying crystalline material. . . . 
The protective effect of the flowed layer is best seen on smooth surfaces; on 
roughly cut surfaces and edges, such as are formed by a hacksaw, the layer is 
not sufficiently uniform and continuous for good jprotection of the underlying 
metal.® In acid the effect of flowed layers is not so conspicuous, and they 
probably depend for their effects, partly at any rate, on oxide films formed 
during the period of mobility. 

It is a matter of general knowledge that highly polished surfaces show a 
surprising resistance to corrosion. Whether one considers the polished surface 

* **CoiTosion and Preservation of Iron and Steel,” 158 (1910). 

* Bancroft: Trans. Am. Electrochem. Soc. 9 , 17 (1906). 

* J. Phys. Cham. 10, ^84 (1906). 

^ Trans. Am, Electrochem. Soc. 29 , 436 (1916). 

* Trans. Am. Electro<;hem. Soc. 39 , 69 (1921). 

* Bancroft: Trans, Am. Electrochem. Soc. 39 , 21 1; Unk: 259 (1921). 

^ Corse: Trans. Am, Electrochem. Soc. 39 . 258 (1921). 

* “Sixth Report to the Corrosion Research Committee of the Institute of Metals.” 
J. Inst. Metals, 28 , 68 (1922). 

* This matter has b^n more fully discussed in the Fourth and Fifth Reports. 
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to consist of very fine crystals or of an amorphous layer as Beilby does, it 
must be anode against a normal surface and should therefore corrode more 
readily if everything else were equal. In this case one must assume, as Ben- 
gough and Stuart^ do in another case, that a more coherent film forms on a 
very smooth surface. ^^If perfectly pure metal be exposed to water, oxygen, 
and electrol3rte, a continuous pmtcctive gel will probably be formed over the 
whole surface of the metal. No appreciable corrosion will take place as long 
as the gel does not change. This is doubtless the explanation of the fact that 
Lambert's pure iron remained apparently uncorroded, even when exposed 
to tap-water and ordinary air.® The greater '^homogeneity of the iron" 
ensured a continuous protective film, and the inhibition of corrosion throws 
no light on the question of differences in solution pressing over the actual 
metal surface. Such iron would necessarily give no reaction under the ferroxyl 
test, as charged colloid is not being given off at any point on the metal. The 
presence of such an extremely thin gel film over the metal would be extremely 
difficult to detect. Thus freshly cut aluminum is supposed to become instantly 
covered with a film of oxide; but the metal remains perfectly bright. The 
corrosion of Lambert's pure iron in sodium chloride solutions would seem to 
be due to subsequent chemical or physical alteration of the gel film by the 
salt solution." 

It is a pleasure to find myself in agreement with Bengough and Stuart in 
the opinion that Lambert's pure iron was covered with a film of some sort. 
Since an annealed metal becomes more crystalline and therefore probably 
rougher cn the surface, this may accoimt for the more rapid corrosion of the 
annealed metal in many cases. It is quite possible that some of the conflicting 
data in regard to the effect of strain may be due to differences in surface under 
the different conditions. Bengough and Stuart* consider that non-metallic 
impurities in the metal surface may prevent the formation of a film at those 
points and that such a perforated film may not prevent corrosion, which will 
develop at the pore. There is no doubt that these things may work this way 
and there is no doubt that a film with pin-holes in it will not give effective 
protection. The canners have had plenty of experience along those lines. On 
the other hand it is not safe to make the generalization that this will always 
happen. It has already been pointed out that cast iron shows an unexpected 
resistance to corrosion under certain conditions and nobody could have pre- 
dicted the behavior of the copper-bearing steels or of cerl ain of the copper-tin 
bronzes. It is true that the impurities in the last two cases are not sonims; 
but it will be much safer not to indulge in too many predictions along this line 
for the present. 

There is no question but that the problem of the properties of the surface 
film is a problem in colloid chemistry. On the other hand we have not ex- 
plained anything when we say colloids; we have merely indicated a line of 

* ‘^Sixth Report to the Corrosion Research Committee of the Institute of Metals.'* 
J. Inst. Metals, 28 , 95, 107 (1922). 

* Lambert; J. Chem. Soc. 101, 2068 (1912). 

* ‘‘Sixth Report to the Corrosion Research Committee of the Institute of Metals." 
J. Inst. Metals, 26 , 95 (1922). 
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attack. This is a point which is often overlooked. There is no doubt, for 
instance, but that the plasticity of clay is due to colloids; but we have not 
explained anything by that. It is still necessary to show how and why the 
colloidal material acts, and we niiLst show it in detail. One cannot accept the 
suggestion of Friend^ that bichromates inhibit the corrosion of iron because 
they coagulate the ferric hydroxide sol since wc know that they act by making 
iron passive and we know that the passivity of iron is not due to ferric oxide. 
In another paper Friend® gives a new theory of the corrosion of iron which 
seems to be that ordinary iron reacts with oxygen in presence of water to form 
a ferrous hydroxide hydrosol which is particularly reactive chemically, and 
which oxidizes, producing ferric hydroxide hydrosol ‘4n the most favorable 
circumstances. This higher hydrosol is now alternately reduced in contact 
with the iron and oxidized again by atmospheric oxygen, thus catal 3 d:ically 
accelerating the oxidation of the metal. When the sol flocculates or precipi- 
tates out, it yields rust.’’ 

So far as I can see, one could substitute the word copper for iron in this 
theory and prove that copper msts in the same way as iron does. Also, the 
peroxide plate of the storage batter^^ would be quite impossible to maintain, 
because the lead peroxide would react with the underlying metal to form lead 
oxide. I rejoice that Friend has emphasized the colloidal side of the problem 
but 1 cannot see that his papers indicate any real progress. I object very 
strongly to his calling it a new theorj'^ and to his saying that the electrol^iic 
theory of corrosion is inadequate to account for the facts. All he reallj’^ means 
is that we must consider the properties of the con’osion products and that 
these corrosion products are often colloidal; but we don’t question that . If 
he had said what he really meant, it would have done some good; but, as it is, 
he lias done actual barm, though not much, in an attempt to make his paper 
seem more of a step forward than it really is. Bad advertizing does not pa.y. 

There is nothing to be gained by criticizing Bengough and Stuart’s appli- 
cations of colloidal chemistry. The^^ are very weird and the best one can say 
for them is that they do call attention to the colloidal side of the problem. 
Bengough and Stuart.® summarize their h^'^potheses as follows: 

“A metal immersed in ivater sends positively charged metal ions into the 
liquid, and liecomes itself negatively charged. In the case of ordinary com- 
mercial metals, the metal also becomes sufK^rficially oxidized if dissolved 
oxygen is present. The hydroxide produced by this oxidation can take up the 
ions given off by the metal, and the hydroxide thereb}'^ passes into the state 
of a positively charged colloid. Some of this colloid will diffuse away, per- 
mitting further reaction between the oxygen and the metal surface, and there- 
by re-forming the hydroxide film over the latter. Oxidation is then stopped 
till this hydroxide can pass into the colloidal state by acquiring positively 
charged metal ions. This, in general, does not take place till the colloid 

^ J. Chem. Soc. 119 , 937 (1921). 

® Trans. Am. Electrochem. Soc. 39 , 63 (1921). 

* ^*Sixth Report to the Corrosion Research Committee of the Institute of Metals. 

J. Inst. Metals, 28 , 33 (1922). 
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initially formed has diffused into the presence of electrol3d;e, when it is pre- 
cipitated by the anion of the dissolved salt, the cation neutralizing the charge 
on the metal corresponding to that on the colloid. This allows the metal 
to send more ions into solution, and the uncharged hydroxide thereby ac- 
quires a charge. If the colloid so produced can diffuse away, the process can 
continue and corrosion develop. 

*Tor steady corrosion, therefore, the colloid must be produced under 
conditions which allow it to diffuse some distance from the metal before 
precipitation. If it precipitates directly on the corroding surface it will, 
in general, adhere to the latter and stop corrosion. In the case of a corrosion 
pit, the first condition is fulfilled, since no precipitation occurs inside the pit. 
It is only when the colloid diffuses through an aperture (generally very small), 
in the gel-deposits at the mouth of the pit, that it meets electrol3rt.e and is 
then precipitated. Such precipitation merely thickens the external gel- 
deposits. These gel-deposits adhere directly to, and protect, the metal sur- 
rounding the pit, and thereby emphasize the local nature of the corrosion. 

Bengough and Stuart^ justify their contention of direct oxidation of the 
metals by the statements that ^*at temperatures at which no liquid water can 
be present, it is clear that such corrosion can and does take place, since no 
electrolyte is present; as an instance of this type of action the formation of 
temper colours on steel at, say 230^0, may be quoted, and this is clearly a 
molecular and not an ionic reaction. . . . KUster* has shown that liquid 
water is not necessary for the corrosion of sodium at the ordinary temperature, 
since water vapour will readily attack it.^* They might also have added that 
sodium burns in air to sodium peroxide, which it does not do in presence of 
water.* 

I admit frankly that I do not know whether the oxidation of iron at 230® 
is or is not a molecular reaction. I know that it does not take place m per- 
fectly dry air and that one can drop dry sodium into a flask containing boiling 
bromine without any reaction taking place, provided the bromine is dry. 
Until we know more about the theory of combustion than we do now, I am 
very reluctant to base conclusions on such premises until we are forced to. 

I have purposely avoided any reference to non-aqueous solutions, though 
some instances have been cited triumphantly by Bengough and Stuart,* 
because I believe in attacking the relatively simple problem first. Of course, 
we must struggle with the non-aqueous solutions some day; buc I do not see 
how to attack them profitably at present. So far as aqueous solutions are 
concerned, I believe now, as I have for years, that any special corrosion prob- 
lem can be accounted for satisfactorily and quickly if the investigator makes 
use of the electrolytic theory of corrosion, the facts of chemistry, and common- 

^ ^‘Sixth Report to the Corrosion Research Committee of the Institute of Metals.*' 
J. Inst. Metals, 28 , 41, 52 (1922). 

*Z. anorg. Chem. 41 , 474 (1904). 

* Dry oxidation is differentiated sharply from wet oxidation by Haber: Z. Elektro- 
chem. 7 , 445 (1900). 

4 “Sixth Report to the Corrosion Research Committee of the Institute of Metals." 
J. Inst. Metals, 28 , 52 (1922). 
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sense. These problems are not mysterious in any way ; it is we who make them 
seem so. 

Since the first draft of this report was written, there hasappeared an article^ 
on ^'The Electrochemical Character of Corrosion’^ by Evans which also con- 
troverts many of the points raised by Bengough and Stuart. *‘It seems likely, 
indeed, that the oxidation of metals in air at high temperatures, which appears 
to proceed in the absence of any moisture, must be regarded as a direct chem- 
ical attack. On the other hand, at ordinary temperatures the observed phe- 
nomena of corrosion, as far as they are known at present, correspond closely 
to those which could be predicted from fundamental electrochemical princi- 
ples. Consequently here theories of 'pure chemical corrosion^ are at present 
superfluous, although it is possible that real cases of 'pure chemical corrosion^ 
at low temperatures may be discovered by future research. Those who at 
present assert that the ordinary corrosion of common metals, like zinc and 
lead, are cases of simple chemical oxidation, may be asked why the electro- 
chemical corrosion which would be predicted from our accurate knowledge of 
electrode potentials fails to occur. Only when they have explained the ab- 
sence of electrochemical corrosion are they entitled to construct theories re- 
garding chemical corrosion.’^ 

Evans^ is rather sympathetic with Lambert^s point of view. "We are 
now in a position to approach the subject of electrochemical corrosion. Let 
us consider a piece of metal immersed in a liquid. If the metal is absolutely 
uniform, both chemically and physically, the potential between metal and 
liquid will be the same at all points, and no current can be set up. No elec- 
trochemical corrosion is therefore to be expected. It is significant here to 
recall that, in the case of iron and lead, Lambert, and his coworkers* have 
actually succeeded in preparing materials so pure and uniform that they do not 
corrode imder conditions which allow rapid attack of materials of merely 
'ordinary purity.’ 

"If, on the other hand, the metal is not uniform, varying from place to 
place either in chemical or physical character, it is certain that at the moment 
of immersion there cannot be equilibrium. The potential will vary from 
point to point, and a current (momentarily at least) must be set up between 
the different points. At certain places (the anodic areas) the metal will com- 
mence to pass into the ionic condition; at other places (the cathodic areas) 
hydrogen ions will be discharged (assuming no other metallic ions are present 
in solution), and elementary hydrogen will commence to alter the potential 
of the cathodic areas in a negative sense, thus making it more nearly equal to 
the potential at the anodic areas. If this process of hydrogen accumulation 
continues until the potentials at the originally anodic and cathodic areas be- 
come equal, equilibrium will be established, and in such a case there can be no 
appreciable electrochemical corrosion. 

1 J. Inst. Metals, 30, 239 (1923). 

* J. Inst. Metals, 30, 244 (1923). 

•Lambert, Thomson, and Cullis: J. Chem. Soc. 97, 2426 (1910); 101, 2056 (1912); 
107, 2 i 8 (1915)- 



WILDER D. BANCROFT 


850 


‘Two occurrences, however, may prevent the establishment of equilibrium. 
Before the potential at the cathodic areas becomes equal to that of the anodic 
areas, the cathodic areas may become so supersaturated with hydrogen that 
the gas begins to stream off in bubbles, in this case, corrosion of the metal at 
the anodic portions will continue indefinitely, the rate being equivalent to the 
rate of production of gaseous hydrogen at the cathodes; we may call this the 
Hydrogen-Evolution Type of Corrosion. If, however, the conditions are not 
such as to allow the evolution of gaseous hydrogen in bubbles, a relatively slow 
removal of hydrogen from the cathodic areas may take place if oxygen (or an 
oxidizing agent) is present in the solution; this will allow the corrosion of the 
metal at the anodic areas to continue, but the rate will be limited by the rate 
of diffusion of dissolved oxygen (or the oxidizing agent) across the layer of 
liquid next to the metal; we may term this kind of corrosion the Oxygen- 
Diffusion Type.” 

Evans points out that “magnesium, for instance, scarcely reacts with 
pure water; but the presence of a soluble chloride in the water causes the 
formation of the hydroxide in a ‘loose form^ and has thus an ‘activating' effect 
on the metal, and allows a vigorous evolution of hydrogen.” In another pass- 
age he points out that this loosening effect is probably akin to peptization. 

“If now we consider the reaction of a metal in a solution without contact 
with platinum-black, we have to take considerations of over-potential into 
account. The condition needed for the evolution of hydrogen in bubbles will 
become 

X-M > O, 

where <t> is the overpotential of the cathodic areas. Thus metals like tin, 
lead, and nickel, which stand close to hydrogen in the potential series, at 
ordinary temperatures do not readily displace hydrogen in bubbles from dilute 
acids; they may do so, however, if the solution is warmed, so as to diminish 
the overpotcntial. Even zinc does not displace hydrogen readily from acids 
when pure, in spite of its position near the “reactive” end of the potential 
series; but if it contains noble impurities of low overpotential value, the gas 
is evolved more rapidly. Commercial zinc evolves hydrogen slowly at first, 
but after “ a period of induction” the reaction Incomes quite vigorous, owing to 
the accumulation of a black deposit of the noble impurities on the metallic 
surface.” 

“If the conditions are such that hydrogen cannot be evolved as a gas, 
it may yet be removed from the cathodic areas slowly if dissolved oxygen 
is present in the solution at these points. This is found to be the case; metals 
like iron, nickel, cadmium, and lead, which do not displace hydrogen in 
bubble form when placed in a neutral solution, nevertheless are corroded 
slowly by a neutral solution (say, a solution of sodium chloride) containing 
oxygen; likewise copper, which cannot cause the evolution of hydrogen gas 
from dilute acids, dissolves slowly in these acids in the presence of oxygen. 

“This type of corrosion will always be slow; for rough purposes, we may 
say that a maximum rate is fixed by the rate of diffusion of oxygen across the 
layer next to the metallic surface. Consequently, within certain limits, the 
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rate of corrosion will be nearly independent of tbe conductivity of the solution. 
There is no reason why oxygen should diffuse more quickly through a highly 
conducting liquid than through a badly conducting liquid. If anything, 
oxygen will actually diffuse less quickly through a solution of a salt than 
through pure water, because the presence of a salt generally depresses tbe 
solubility of oxygen in water.*’ 

**The electrochemical prediction of corrosion would lead us to regard as 
possible the attack of metal at points to which dissolved oxygen has no direct 
access. The presence of oxygen is only needed at the cathodic areas; at the 
anodic areas its presence will, if anything, be unfavourable to the reaction. 
It is interesting to find that specially marked corrosion often occurs at points 
to which oxygen can only diffuse very slowly — for instance, at the bottom of 
pits or over areas covered with porous substances, such as string or fabric. 

*‘Thc electrochemical corrosion of a metal by, say, sodium chloride, should 
produce the metallic chloride at the anodic portions, whilst the discharge of 
hydrogen ions on the cathodic portions will leave the liquid alkaline at these 
points; where the alkali and the metallic chloride diffuse together, the metallic 
hydroxide will generally be precipitated, often as a membranous web or a 
gelatinous precipitate; this phenomenon has Ix^en observed in practice. 

‘Tf, however, the metal is immersed in a solution containing an anion 
wliich forms an insoluble salt with the metal in question, the primary product 
at the anodic areas will lx‘ an insoluble substance; under certain circumstances 
this may adhere to the anodic areas and protect or ennoble them, thus causing 
corrosion to cease. Numerous examples of this effect are known; perhaps the 
most important case is that of lead irnmensed in waters rich in carbonate. 

^‘The formation of a protective film, is, however, not confined to cases of 
this kind. It is well known tliat when an external e.m.f. is applied to an elec- 
trolytic; cell fitted with an iron anode immersed, say, in a sodium sulphate 
solution, a low current density will give rise to the formation of soluble iron 
sulphate. But there is always the possibility that instead of the discharge of 
SO/ ions, the discharge of OH' ions may occur. If the current density is 
raised unduly^ something in the nature of an invisible oxide film (possibly a 
layer of adsorlxxl oxygen atoms) is produced, and the iron becomes “passive”; 
the lay^er retards the anodic dissolution of the iron, whilst yx^rmitting the pro- 
duction of oxygen gas; I have discussed this subject elsewhere.^ With an 
aluminium anode the effect is even more striking; a porous oxide film con- 
taining oxygen gas in the pores is produced, and this prevents the passage of 
current altogether in one direction; in other words, aluminium refuses to 
function as an anode, unless certain substances (notably chlorides) are present, 
which cause the film to break down.” 

Evans* makes the same mistake that Bengough and Stuart did in postu- 
lating that potassium bichromate and potassium chromate are powerful 
oxidizing agents. The discussion of the oxidation of apparently dry metals 
is apparently sound and certainly^ interesting. “It has been stated that in 


‘ U. R. Evans: Trans. Faraday Soc., 18 , i (1922). 
* J. Inst. Metals., 30 , 251 {1923). 
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general the conductivity of the liquid should be only a minor factor in deter- 
mining the rate of corrosion. In one case, however, the conductivity becomes 
of great importance. This is in the corrosion of “apparently dry’’ metals by 
air. If a metal is truly dry, it does not corrode in dry air at low temperatures, 
but if an invisible film of adherent water is present, corrosion may occur. 
The thinness of the film will restrict the current flowing between anodic and 
cathodic areas, and if the film is composed of pure water the attack must be 
extremely slow. If, however, the atmosphere contains volatile electrolytes, 
such as hydrogen chloride or sulphur dioxide, these tnay be expected to dis- 
solve in the water and increase the conductivity of the film, and thus acceler- 
ate the corrosion ; if, further, the corrosion product has a hygroscopic charac- 
ter, it may be expected to absorb further water from the atmosphere, and by 
increasing the thickness of the film, increase still more the rate of attack. I 
have shown experimentally that both these expectations ai’e realized. 

“The work of Pilling and Bedworth® has shown that at high temperatures 
the direct oxidation of metals by air, even in the absence of water, is possible; 
but, as the oxide film grows thicker, the rate of diffusion of oxygen through it 
becomes slower, until finally a thickness is reached at which further oxidation 
becomes negligibly slow. The thickness attained will of course depend on the 
temperature. On iron the oxide film produced at 29o®C. is capable of ex- 
tinguishing (by interference) the yellow rays of light, causing a blue “temper 
colour”; at 230° the film is thinner and the blue rays are extinguished, the 
temper colour being therefore yellow ; below 2oo®C. the film is too thin to cause 
the extinction of any visible rays, and clearly at ordinary temperatures the 
thickness of the film caused by direct oxidation will be negligible. It is evi- 
dent, therefore, why the presence of a moisture film and an electrolyte is 
needed for rapid corrosion at ordinary temperature; the hydroxide or oxide 
formed by interaction between the soluble salts from the anodic areas and the 
alkli from the cathodic areas will not necessarily form a protective coating 
over the whole surface, and will therefore not necessarily bring the action to a 
standstill.” 

On p. 2 54 Evans says that “the type of corrosion where hydrogen is liberated 
in bubbles is already generally admitted to be electrochemical in character. 
Consequently only a few experiments were conducted on this type, to inves- 
tigate certain points which seemed in doubt .... Cadmium was found to 
be practically unaffected by normal hydrochloric acid in the absence of other 
metals, no doubt owing to its high overpotential value. Contact with nickel 
— or even with iron — caused the evolution of hydrogen from the second metal. 
Contact with copper caused only a slow evolution of hydrogen from the 
copper; whilst contact with lead — a metal of high overpotential — ^had no 
effect.” This is interesting, because apparently an alloy of cadmium and lead 
would not corrode readily in spite of the surface being heterogeneous. 

“The type of corrosion wherein no hydrogen is liberated in bubbles is 
considered by some authors, notably by Bengough and his co-workers,® 

^ U. R. Evans: Trans. Faraday Soc., 19 (1923). 

• N. B. Pilling and R. E. Bedworth; J. Inst. Metals, 29, 529 (1923). 

» J. Inst. Metals, 21, 37 (1919); 28, 31 (1922). 
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to be due to the direct chemical oxidation of the metal by oxygen, and not 
to electrochemical action. Consequently, extensive experiments were per- 
formed, with a view to ascertaining whether the action was electrochemical 
or not, . . . 

^‘Bengough and Hudson,^ in 1919, found that when cast zinc was sus- 
pended in * ‘distilled water’ ^ certain white vertical striations, formed of zinc 
hydroxide, were produced upcn the surface. I obtained rather similar results 
with cast zinc, and also obtained well-marked striae upon sheets of rolled zinc 
placed in a vertical or nearly vertical position in glass tumblers half-filled with 
liquid. The plate could lx? obtained with zinc of variety “A”, but is better 
developed on the less pure varieties of zinc. It could be produced best in a 
N/2 potassium chloride solution; but a somewhat similar phenomenon was 
obtained in ordinary laboratory distilk^d water, or even in “conductivity 
water” having a conductivity of 2 Xio~® mho-ems. (i.6. the same quality of 
water as that used by Bengough and Hudson ; it is, of course, far from being 
“pure water”, which has a conductivity of about 4x10”® mho-ems,). The 
striations appear within a few hours of the immersion of the metal and con- 
tinue to develop during several days. The general appearance of the striae 
in the early stages of corrosion often recalls the tracks made by rain-drops 
miming down a window-pane, and suggests that they are formed by drops 
of some heavy liquid sinking down along the surface of the zinc; the tracks 
are Ixiunded on each side by a thin membranous wall of zinc hydroxide.^ 
There is a more or less continuous barrier of zinc hydioxide separating a nearly 
uncorroded area near the water-line from the corroded port»ion below; in 
places this wall may stand out for a distance of i to 2 mm. from the surface 
of the zinc. Where potassium chloride solution is used there is a great deal 
of flocculent zinc hydroxide at the bottom of the tumbler, in addition to that 
attached to the metallic surface; it is evident that the attack upon the zinc 
is very much more pronounced when potassium chloride is present than when 
“distilled water” is used — a fact which has been confirmed by experiments 
with weighed specimens. 

“If after the formation of these striae the metal is removed from the liquid, 
allowed to drain, and is then tested with phenolphthalein, it is foimd that 
alkali is present. The walls of zinc hydroxide become pink;^ but where 
potassium chloride solution has been used, a much greater amount of alkali 
is present on the uncorroded portion close to the water-line; very little alkali 
seems to be formed lielow the main hydroxide “barrier.” 

“The electrochemical view of coiTosion suggests a very simple explanation 
of these phenomena. The oxygen-rich portions near the water-line become 
cathodic, and the test of the zinc, where the supply of oxygen cannot be re- 
newed, becomes anodic. Alkali is produced at the cathodic portions, and 

^ The production of the pink colour where “distilled water" has been used to develop 
the striations may be explained either by the supposition that pure zinc hydroxide is alka- 
line, or by the presence of minute cmantities of sodium or potassium salts in the distilled 
water. Preliminaxj e^mriments with water condensed in quartz show that the pink colour 
is still produced with tnis water, but it is possible that small amounts of sodium salts were 
introduced with the zinc or from the emery-cloth. It is hoped to carry out further work on 
this subject. 
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diffuses outwards into the body of the liquid; zinc chloride (or some other 
zinc salt) is produced at the anodic points lower down, but being heavy it 
tends to sink down along the metallic surface. The membranous walls of 
hydroxide simply represent the surfaces where the alkali and zinc salt have 
come into contact and have reacted together.^' 

“Bengough and Hudson^ found, in 1919, that if two pieces of copper placed 
in a divided cell were joined to the poles of a galvanometer, and if air was 
bubbled over one piece, that piece became anodic; thus copper shows a be- 
haviour which at first sight is the exact converse of that displayed by zinc, 
cadmium, iron, and lead. 

“It seemed most important to investigate this anomaly, and, after numer- 
ous experiments, it became clear that the potential of copper immersed in 
potassium chloride solution was affected to an important extent by three 
types of treatment : 

(a) Aeration . — The presence of oxygen tends to render the potential more 
'positive, as in the case of all other metals. 

(b) Stirri'ng . — The removal of an accumulation of copper ions from the 
metallic surface alters the potential in the negative direction, in accord- 
ance with the principle explained in Part I. of this paper. 

(c) Abrasion . — ^The renewal of the surface by energy or scraping removes 
any protective film of cuprous chloride (or hydroxide) that may exist 
on it, and thus renders the metal “active,” and shifts the potential in 
the negative direction. 

“It was not easy at first to separate these three effects. They can best 
be demonstrated by using an alkaline solution made by adding 10 c.c. of nor- 
mal sodium carbonate to 90 c.c. of N/2 potassium chloride. I have, however, 
satisfied myself that they also occur in a N/2 solution of potassium chloride 
to which no alkali has been added. If two copper electrodes are joined to a 
galvanometer and are immersed in the alkaline solution for some minutes, and 
one electrode is then taken out, dried, ground with emery and replaced, a 
current is produced, the treated electrode being the negative pole. The cur- 
rent produced in this way is comparatively large, but very fugitive; over 2 
milliamps. were obtained momentarily between electrodes of immersed area 
4X4 If, on the other hand, two electrodes composed of the same type of 
copper, and having a similar electrochemical history, are immersed in N/2 
potassium chloride until any current produced on first immersion dies away 
(this may sometimes require fifteen to thirty minutes), so that both electrodes 
are known to be covered with a film to the same extent, and if in this state 
the electrodes are alternately taken out into the air and replaced, a very much 
smaller current (usually only a few micro-amperes) is produced, the aerated 
electrode being always positive. The effect of stirring is seen if the electrodes 
are immersed in N/2 potassium chloride in a divided cell, one electrode being 
stationary, whilst the other is moved about; the electrode in motion becomes 
the negative pole. If both electrodes are stationary, but air is bubbled into 
one compartment, it is evident that both aeration and stirring will be pro- 

* G. D. Bengough and O, F. Hudson: Jour. Inst. Metals, 21, 122 (1919). 



THE ELECTROLYTIC THEORY OF CORROSION 


855 


duced. It is found, however, that the effect of stirring greatly predominates 
over the effect of aeration, and thar the current produced flows in such a di- 
rection as to make the copper over which bubbles are passing the negative 
pole. Since Bengough and Hudson used a stream of bubbles to '‘aerate^' 
their copper, it is clear why they obtained a current passing in what at first 
sight may be regarded as the “wrong direction/’ 

“If instead of using potassium chloride solution we use normal sulphuric 
acid, the abrasion effect ceases to be important, for obvious reasons; but the 
stirring effect becomes very pronounced and tends to mask the aeration effect. 
The effect of aeration can, however, be demonstrated by the following way. 
Two copper electrodes joined to a galvanometer are immersed in normal 
sulphuric acid. One is taken out, wiped dry with filter-paper, so as to expose 
the metal directly to the air, and replaced; a momentary current, sometimes 
reaching 3 milliamps, for electrodes of the dimensions given above, is produced, 
the aerated electrode being positive. 

“It seems clear, therefore, that (‘opper l>ehaves towards aeration exactly 
in the same way as other metals, but that the effect may be masked by the 
effects of stirring and of abrasion. The effect of abrasion has l>een noticed 
in the case of other metals which are liable to become covered with “protec- 
tive films'’, and needs no further discussion; but the influence of stirring re- 
quires special consideration at this point. Evidently the stirring removed the 
accumulation of copper ions from the neighbourhood of the electrode; such a 
removal will clearly shift the potential in a negative direclion. It may lx? 
asked why the power of stirring to shift the potential in the negative direction 
is not noticeable in the case of zinc, cadmium, iron, and lead; in these metals 
stirring — in so far as it has any effect — ^tends to move the potential in the 
positive diiection, by renewing the supply of dissolved oxygen at the electrode 
surface. A little consideration wdll show, however, that the effect cf any 
accumulation of ions which is likely to l)e realized in practice will be negligible 
in the case of the more reactive metals, but will be very pronounced in the 
case of the noble metals; for at any giver potential, the ionic concentration 
needed to put a stop to the passage into the ionic state is very high in the case 
of reactive metals, but very low in the case of noble metals.” 

The chief difficulty wdth this explanation is that, as has been mentioned, 
nitrogen and hydrogen act like oxygen. It is therefore a gas effect and not a 
question of oxidation at all. 

“It seemed important to asceriain whether the general laws regarding 
the effect of aeration on the potential apply also to aluminum. It has often 
l)een asserted by critics of the electrochemical view of corrosion that the 
stable behaviour of aluminum towards corrosive agencies was in sharp con- 
trast with the highly negative potential 1.337 volt) usually assigned to the 
metal. One has to remember, however, that the experimental determination 
of the potential of aluminium is carried out with amalgamated aluminium — 
a material which oxidizes with great rapidity in damp air, and which has none 
of the stability associated with ordinary aluminium. Ordinary aluminium is 
clearly unsuited for the determination of the reversible potential, because it 
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cannot function freely as an anode; such measurements of potential as have 
been made with ordinary aluminium give it a value very different from that 
attributed to aluminium in Table I.^ If studied in the light of the extensive 
work of Schulze^ on the valve action of aluminium produced by an externally 
applied e.m.f., the behavioui* of aluminium immersed in different liquids — 
the knowledge of which we owe mainly to the work of Seligman and Williams* 
— ^becomes quite intelligible^ and the facts seem to indicate that here also we 
are dealing with a case of valve action, but produced by an internally generated 
electromotive force. 

'The rapid formation of a protective film on aluminium renders its study 
somewhat difficult. I foimd, however, that If two pieces of rolled aluminium 
were ground with emery, and were at once placed in a divided cell contain- 
ing N/2 potassium chloride solution and joined to a microammeter, they show 
the aeration effect just as easily as any other metal. The withdrawal and 
replacement of either electrode produces a current, the aerated pole being 
always positive. After a few minutes, however, the current produced in 
either diiection by aeration begins to be much smaller, although the effect of 
aeration can still be detected after five minutes-. It is evident that the forma- 
tion of obstructive films is responsible for the falling off in the sensitiveness, 
for if one electrode is treated afresh with emery-paper, it always becomes 
strongly negative (anodic) towards the other; boring or cutting of an elec- 
trode — processes which likewise expose a fresh, unoxidized surface — ^produce 
the same effect, the electrode so treated becoming negative. The conclusion 
may be drawn, therefore, that aluminium behaves towards aeration just in 
the same way as other metals, but the effect is complicated and often hidden 
by the formation of an obstructive skin. 

"This matter is of some importance, since it serves to afford an explana- 
tion of certain phenomena observed by Seligman and Williams.* These 
authors came to the conclusion that the blistering of aluminium in hard in- 
dustrial waters was connected with the presence of small cavities in the metal. 
They succeeded in reproducing the effect experimentally by making a number 
of small depressions in the metal and closing them up by hammering; on 
immersion typical "pits'^ and "blisters’^ were formed. Presumably the inte- 
rior of the cavities to which oxygen could not diffuse readily became anodic, 
and consequently serious attack took place within the cavities. A similar 
explanation can be extended to the specially marked corrosion occurring over 
areas covered up by porous materials — ^a fact also established by Seligman 
and Williams. 

"In my own experiments, it was found that if holes were lx)red in an 
aluminium surface, and the metal was then immersed in N/2 potassium 
chloride, a considerable amount of aluminium hydroxide usually formed over 
the mouth of the holes. But I am inclined to think that this was due to the 


1 See, for instance, T. Heyrovsky: J. Chem. Soc. 107 , 27 (1920). 

1 Sch^ze: Ann. PMik, 21 , 929 {19^); 22 . 543 (i W); 26 , 372 (1908). 

*R. Seligman and P. Williams: J. Soc. Chem. Ind., 35, 88, 665 (1916): 37 , 159 T 
(1918); J. Inst. Metals, 23 , 159 (1920). 

* R. Seligman and P. Williams: J. Inst. Metals, 23 , 166-168 (1920). 
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presence of bubbles of air within the holes. . . . Thus, the phenomenon 
produced artificially by me is probably the exact converse of that which causes 
blistering in aluminium articles containing natural boles. 

“Certainly, wherever air bubbles could be seen clinging to the aluminium 
surface, much flocculent aluminium hydroxide was produced in the liquid 
around these points. This was observed not only with the aluminium sheet, 
but also with utensils made of aluminium. Some aluminium teaspoons were 
immersed in N/2 potassium chloride solution, and air was bubbled through the 
solution for a few minutes; the spoons were then allowed to stand in the 
solution for two days. The greater part of the surface became tarnished and 
covered with a brownish-white deposit ; but around and below the adherent 
air bubbles it remained comparatively bright, and at these places loose white 
aluminium hydroxide appeared in the liquid, as though produced by inter- 
action tetween the alkali (from the cathodic areas around the bubbles) and 
the aluminium chloride (from the anodic areas elsewhere).'^ 

Evans^ draws a numlx^r of conclusions regarding the mechanism of corro- 
sion. “If the expieriments d€»seril>ed above, dealing with eight different 
metals, are considered as a whole, it may l)e claimed that each part of the 
electrochemical mechanism of corrosion has l)een demonstrated. Where the 
metal is immersed in a neutral salt solution, it lias been possible to show: 

1. The production of a cuirtmt. 

2. The production of a metallic salt at the anodic iK>rtions. 

3. The production of alkali at the cathodic protions. 

4. The precipitation of hydroxide where they meet. 

“If the aeration is uniform, it is apparently the distribution of impurities 
that determines which px)rtions shall act as cathodes and which as anodes. 
If, however, the aeration is not imiform, then — provided there is a sufficient 
amount of noble impurities distributed throughout the metal as a separate 
phase — the cathodic and anodic areas are determined by considerations of 
the supply of oxygen, the “aerated^^ areas being cathodic and the unaerated 
anodic. Experiments on pure cadmium and lead seem to show that some 
impurities are actually needed on the aerated portions to act as cathodic 
particles; mere selective aeration of one area will not cause it to become cath- 
odic, unless a suitable noble impurity is present. If, however, there are noble 
impurities scattered throughout all parts of the metal, the mechanism of 
selective aeration must be as follows. When one part of a piece of metal is 
aerated, and one is protected from aeration, the foreign particles in the pro- 
tected area cannot (after the first moments) function as cathodes, because 
there is no supply of oxygen for the cathodic reaction. The foreign particles 
on the aerated portion act as cathodes, therefore, to the dominant metal in 
both areas; but in the aerated area the accumulation of insoluble corrosion 
product soon begins to interfere with the anodic function of the metal sur- 
rounding the foreign particles; and accordingly we are left with the foreign 
particles in the aerated area acting as cathodes, and the bright unobstructed 
metal of the unaerated area acting as anode. The anodic attack would be 


‘ J, Inst. Metals, 30 , 278 (1923). 
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expected to be most pronounced in tbe portions of the unaerated area closest 
to the aerated area, as has been found to be the case. 

^We thus obtain a rational explanation of tbe dangerous corrosion occur- 
ring at tbe bottom of pits and crannies, and other inaccessible places, as well 
as in areas covered with porous debris — a phenomenon well known to practical 
men. At such places, which are wholly anodic, owing to tbe absence of oxygen, 
the product of corrosion is generally a soluble metallic salt, which does not 
interfere with tbe subsequent course of corrosion. Over the accessible parts 
of the surface of a metallic article we may indeed temporarily experience 
electrochemical corrosion; but here the cathodic and anodic areas are close 
together, and insoluble metallic hydroxide is produced close against the metal- 
lic surface, and tends to protect it, and thus stop tbe action. Tbe electro- 
chemical explanation of tbe intense corrosion occurring at sheltered places is 
the only satisfactory one. Those theories, which attempt to account for tbe 
special corrosion at inaccessible points by assuming that flocculating electio- 
lytes cannot reach these points (or that hydrogen peroxide is retained at 
these points and aids subsequent corrosion), involve many difficulties. If, 
for instance, diffusion through the moutb of a pit is assumed to be so slow 
that electrolytes cannot diffuse inwards (or that hydrogen peroxide cannot 
diffuse outwards), how can wc account for the constant replenishment of 
oxygen within the pit? The electrochemical view of corrosion, which does 
not demand the presence of oxygen in the pit, is free from these difficulties. 

*Thc production of a protective film on the anodic areas of the metal 
often introduces a complicating factor; this is most serious in the case of 
aluminium, but it was noticed in experiments on other metals that the current 
produced sometimes tended to drop off with the time. Indeed, the “influence 
of the corrosion product^’ is probably the most- vital factor in determining the 
course of the later stages of corrosion. In the series of experiments descril)ed 
above, this complicating factor has been eliminated as far as possible by start- 
ing with specimens having a freshly ground surface. I have discussed the 
factors governing the question of the adhesion of the corrosion product, else- 
where;^ small changes in tbe composition of either the metallic phase or of the 
liquid may completely alter the degree of adhesion. The formation of a com- 
pact, protective film over the anodic portions of the metal will tend to “en- 
noble” the latter and to reduce the attack. On tbe other hand, the presence 
of a porous, gelatinous precipitate over these areas may act as a diaphragm, 
allowing the current to pass, but hindering the diffusion of oxygen to those 
areas; this will actually favour the reaction. In cases where a hydroxide pre- 
cipitate is produced at the junction of the anodic and cathodic areas, it will 
presumably depend largely on chance convection currents in the liquid as to 
whether the hydroxide tends to move on to the anodic or cathodic area; in 
the former case, it may favour corrosion; in the latter case, by hindering tbe 
diffusion of oxygen to the cathodic area, it will tend to interfere wdth it.” 

Evans also says that “it has been proved that the unequal aeration of a 
metallic surface tends to produce intense corrosion at certain points, namely, 
^ U. R. Evans: Trans. Faraday Soc., 38, i (1922). 
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those parts of the unaerated area which are most close to the aerated area. An 
important question, however, remains to be decided. Is differential aeration 
actually a necessary factor for corrosion, or does it merely cause the corrosion 
which would otherwise be distributed over the whole area to \ye concentrated 
at certain points? Experiments were conducted to settle this matter . . . 
Apparently, the effect of restricting the access of oxygen tc one part is not to 
increase the total corrosion of the specimen (at least during the early stages 
of the corrosion), but to concentrate on the unaerated area the corrosion 
which would otherwise be spread over the whole surface. Therein lies the 
danger of unequal aeration. An amount of corrosion which would be quite 
harmless if spread evenly over the surface of an article may Ixicome serious if 
confined to one particular area, whilst if it is concentrated within ooe single 
pit it may quickly cause perforation of the article in question. 

Wilson^ has made a careful studv of the mechanism of the corrosion of 
iron and steel. “Regardless of the school of cor**osion theory to which we may 
give our personal allegiance, there can lx‘ no real doubt but that the funda- 
mental reaction in the corrosion cf iron is essentially, as firso ix>inted out by 
Whitney,^ 

Fe+2 H+ — yFQ'^-^ + 2 H. (i) 

As first stated by Walker,® the resulting hydrogen takes the fonn of a polar- 
izing film which must be disposed of in some way l)efore the reaction can long 
continue. This elimination cf hydrogen may he brought about by either of 
the two following reactions; 

2H+i/2()2 — >-H2() (2) 

2 K — (gas). (3) 

“As iK^ween these reactions, investigations in this laboratory and in that 
of the National Tube (^ompany have indicated beyond serious question that 
the amount of hydrogen evolved as such by the corrosion of steel in natural 
waters below 2oo®F is practically inappreciable compared with the oxygen 
consumed— except in the case of waters which are substantially oxygen-free, 
where the rate of corrosion is almost negligible.'* It is evident, then, that, 
under these conditions, the amount of hydrogen removed by the third reaction 
is practically negligible, and that the rates of Reactions \ and 2 in series 
almost always determines the rate of corrosion in natural waters. In neutral 
or alkaline solutions there is still another reaction — the oxidation of Fe(OH)2 
to Fe (OH) 3 — which should be mentioned, but it practically never exerts 
an important influence on the rate of conosioti, though it does affect the char- 
acter of the deposit formed.'’ It would have teen better if Wilson had laid 
more stress on the fonnation of an anode film such as one gets with sodium 
bichromate, even though this salt does not occur in natural waters. 

* Ind. Eng. Chem. 15 , 127 (1923). 

* J. Am. Chem. Soc. 25 , 394 (1903). 

® Trans. Am. Electrochem. Soc. 14 , 175 (1908). 

* This condition accounts for the appearance of small amounts of H* in closed-system 
hot-water radiators, where the oxygen is inappreciable and the rate of corrosion extremely 
low. In the case of steam heating systems the concentration of CO2 in the condensed liquid 
tends to accelerate this action, owing to the higher hydrogen-ion content. 
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Wilson considers that with changing pH we get three fields. When the 
pH exceeds lo or so, the alkalinity exerts an appreciable retarding effect on 
the rate of corrosion. When the pH falls below about 5, we get evolution of 
hydrogen. Between these two limits there is a stretch where the rate of corro- 
sion is determined by the oxygen corrosion and is practically independent 
of the pH. 

‘‘Disregarding the electrochemical or any other theory of corrosion, and 
considering only the ordinary laws governing reaction rates it is obvious 
that in such a case where two reactions take place in series, whichever is 
inherently slower will determine the rate of both — except for a narrow inter- 
mediate range where the rates are nearly equal and a variation in either will 
affect the results. It is an experimentally observed fact, as shown by Walker^ 
and others, that the rate of corrosion is directly proportional to the oxygen 
content of natural waters. It is therefore evident that the second reaction 
is controlling, and it must logically be concluded that the first reaction keeps 
enough hydrogen on the surface of the metal to care for the available oxygen, 
regardless of the hydrogevrion concentration within the ordinary limits in natural 
waters. 

“While this conclusion that the hydrogen-ion concentration should not 
appreciably affect the results in this range is surprising, it has been verified 
by recent experimental work. For example, the National Tube Company 
made experiments on the addition of varying amounts of caustic soda to 
Pittsburgh water, and found that increasing the calculated alkalinity from 
o to 100 p. p. m. did not appreciably affect the rate of corrosion in hot-water 
pipes. Similarly, experiments in this laboratory showed that treating a water 
originally slightly acid to phenolphthaloin with enough alkali to give a titra- 
tion corresponding to 30 p. p. m. NaOH did not affect the rate of coiTosion at 
7o®F.” 

“As indicated previously, the flat central portion of the curves fortunately 
appears to cover most of the ordinary range of corrosion in natural waters, 
although the precise limits of this region are undoubtedly affected by a variety 
of conditions. It is comparatively simple to determine whether or not a given 
case lies in this region — ^if it is feared that the water may be so acid as to pass 
the right-hand limit, a determination of hydrogen evolved as gas or dissolved 
in the water would settle the question, whereas, if the question arises as to 
whether the alkaline limit has been passed, it is merely necessary to determine 
whether or not a slight decrease in alkalinity affects the* results appreciably. 

“Since it has been demonstrated that Reaction 2 determines the rate of 
corrosion in most natural waters, the question next arises as to whether the 
slowest phase in this reaction is the rate at which oxygen diffuses in to the 
metal surface, or the rate at which it reacts with the nascent hydrogen after 
reaching this surface. Either explanation could account for the rate being 
proportional to the dissolved oxygen content, but it should be readily possible 
to determine which is correct by noting the effect of stirring or the velocity of 
flow on the rate of corrosion — ^if the rate of reaction is the determining thing, 
^ Walker, Cederholm, and Bent: J. Am. Chem. Soc. 29 , 1251 (1907). 
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velocity should have little effect; whereas if diffusion determines the rale, 
velocity should have a pronounced effect. The following paper by Speller 
and KendalP shows cleaily that velocity has a very large effect, and it there- 
fore indicates that the determining factor in the rate of corrosion is the rate 
of diffusion of oxygen through a stationary film of water adjacent to the sur- 
face of the metal. This is further borne out by the fact that if the rate of 
corrosion is calculated on the assumption that the oxygen must diffuse through 
a stationary film about 0.3 mm thick (the average of results calculated for the 
thickness of diffusion films at electrodes),^ using approximate values from 
the literature for the diffusion coefficient of dissolved oxygen, the calculated 
rates of diffusion check well with the rates of corrosion observed by Speller 
and Kendall at moderate velocities and temperatures. 

*^The data of Spoiler and Kendall also confirm this conclusion in another 
way. Their results indicate that the rate of corrosion in pipes is very low and 
increases but slowly at low velocities, where straightlinc flow is known to pre- 
vail and then rises sharply in the critical region, and continues to increase, 
though less rapidly, as the velocity increases through the turbulent flow 
region. This behaviour is very similar to that observed by McAdams and 
Frost* for the coefficient of heat transfer from pipes to liquids, which similarly 
depend on the thickness of the stationary film on the pipe surface, through 
which heat must be conducted. 

*^This point being established, it is a simple matter to predict what factors 
should have a large effect on the rate of corrosion in natural waters, and what 
factors should be negligible under ordinary conditions. 

Since the rate of diffusion of oxygen through a stationary film is the de- 
termining factor in the wide intermediate range of hydrogen-ion concentrations, 
the variables which should have the largest effect on the rate of corrosion in 
this range are the oxygen content of the water and the velocity of flow past 
the steel surface. This checks precisely with the observations of Walker and 
Speller, respectively. The thickness and impermeability of rust films or 
other coatings would probably have a marked retarding effect. It is also 
conceivable that colloidal ferric hj'^d^oxide might have some catalytic action, 
as recently suggested by Friend.^ Friend believes that colloidal particles of 
ferric hydroxide diffuse in and oxidize the iron and then diffuse out and take 
up oxygen from the water. The direct reaction between colloidal particles 
and the metal appeal’s improbable in view of the overwhelming evidence 
that the latter is covered with the polarizing film of hydrogen, but Friend^s 
results could just as readily be explained on the more reasonable assumption 
that colloidal ferric hydroxide is able to oxidize the nascent hydrogen film, 
and if it is present in large amounts as in beaker tests where the w^ater is not 

‘ Ind. Eng. Chem. 15 , 134 (1923) 

“Wilson and Youtz: *The Importance of Diffusion in Organic Electrochemistry'' r 
Ind. Eng. Chem. 15 , 603 (1923). 

“ J. Ind. Eng. Chem. 14 , iioi (1922). 

* Trans. Am. Electrochem, Soc. 40 , 63 (1921). This laboratory has not been able to 
check the surprising results of Friend which indicated a dr^ in corrosion at high velocitiea 
in natural waters, or a rise uniform with velocity in acids. These results will form the basis 
of later papers by other members of the laboratory staff. 
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being continuously renewed, the oxygen transported in this manner might be 
of the same order of magnitude as that which diffuses in the ordinary way. 
In most pipe systems, however, the concentration of colloidal ferric hydroxide 
is quite low and it seems improbable that its catalytic effect can be of more 
than very slight importance. The possibility of catalysis by accumulated 
Fe(0H)8, and the impossibility of controlling or reproducing the convection 
currents which largely determine the rate of diffusion of oxygen, unite to 
throw doubt on the validity of the ordinary “Ixjaker^^ corrosion tests as far 
as they are applied to corrosion by natural waters. The work of Speller in 
measuring the rate of corrosion when water flows through standard pipe coils 
marks a great advance in obtaining reliable data applicable to actual operating 
conditions. 

the other hand, small variations in the acidity or alkalinity of the 
water, or moderate concentrations of neutral salts should have no direct effect 
unless they were themselves depolarizing agents for H 2 , or affected the cata- 
lytic properties of the Fe(OH )8 formed by the reaction. Very high concentra- 
tions of salt should tend to decrease corrosion by decreasing the solubility 
and increasing the viscosity of the solution, the latter factor tending not only 
to increase the thickness of the stationary film, but also to decrease the specific 
rate of diffusion of oxygen. 

^Thc most important conclusion to be drawn, however, is that, since the 
limiting factor under these conditions is the rate of diffusion of oxygen to the 
metal, the composition or heat treatment of the iron or steel, or the presence 
of impurities, should not appreciably affect the results. While this may seem 
surprising, it is in entire accord with the best data on the subject — , as, for 
example, the A.S.T.M., under-water corrosion tests on various kind of sheet 
iron and steel (final report has not yet been made,) the careful tests of Richard- 
son^ on pure iron vs. steel, and the final tacit compromise in the prolonged 
wrought iron vs. steel controversy. The contrary impression has resulted 
partly from the results of accelerated tests in acid solutions, where composi- 
tion does affect the results. Some rather erratic results with different kinds 
of iron or steel in natural waters are almost certainly caused by insufficient 
control of the important, but frequently unappreciated, variable, the rate of 
circulation of the water. 

*Tt is, of course, possible by allo 5 dng iron with relatively large proportions 
of ether clenamts — ^for example, silicon — to so far reduce its solution pressure 
that Reaction I is controlling even in natural waters and comjx>sition becomes 
of primary importance. This is not true, however, of the ordinary variations 
in composition of iron and steel used commercially.” 

'‘When iron is immersed in acid solution of a pH higher than about 4 - 5 » 
appreciable amounts of hydrogen begin to appe^ar, first merely as dissolved 
gas; but by the time a pH of 4 is reached, bubbles are usually evolved. If 
the iron is in contact with other metals or impurities of low hydrogen over- 
voltage, this evolution may begin at considerably lower acidities. As soon as 
the evolution becomes appreciable, and at all high concentrations of acid, 

1 Trans. Am. Inst. Chem. Eng. 13 , Part I, 64 (1920). 
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the rate of Reactioi) 3 becomes the controlling factor. This should be some- 
what affected by the hydrogen-ion concentration, since this determines the 
^^equilibrium pressure” of the polarizing film. The most important factor, 
however, is the hydrogen overvoltage of the metal and impurities prc^sent. 
Marked differences between samples of varying purity show up in this range, 
and those differences are responsible for many of the broad statememts that 
certain forms of iron are morci resistant to corrosion than an* others. 

^X'ertain other factors an* important indirectly on account of their effect 
on hydrogen overvoltage — as, for example, temperature. A re(‘en1 interest ing 
paper of Mclnn(*s^ shows that at low rates of gas evolution the overvoltage 
is determined by the amount of work which must l)c done against surface 
tension in forming the gas bubbles, and that it should accordingly increase 
in a vacuum and decn*ase under pressure. This leads to the surprising con- 
clusion that vacuum should n‘tard and pressure accelerate •(H)rrosion, and 
Meinnes has checked this. Also, according to this theory, anything tending 
to decrease the average bul)ble size should also increase overvoltage, and this 
checks with recent observations in this laboratory (to Ixj published shortly) 
that moderate rate of stirring tends to retard corrosion in acid solutions. Over- 
voltage is also apparently raised markedly by (certain readily adsorbed mate- 
rials such as arsenic^ and formaldehyde** and their presence in solution corre- 
spondingly re'tards corrosion in acids. 

The* oxygen concentration, salt content, solution pressure of mental, etc. 
shoulel have comparatively little effect on the rate of corrosion in acids. 

‘‘To summarize, the whole field of corrosion of iron by dilute aqueous 
solutions may Ik* divide*d into three main regions of varying hydrogen-ion 
concentration, in each e)f which a elifferent but comparatively simple reaction 
(‘ontrols the rate of corrosion.” 

‘‘The factom detei mining the rate of corrosion of the most electropositive 
element in any given combination are precisely the same as for a single metal 
— the rate at which tlu* polarizing film of hydrogen is removed by Reactions 
2 or 3 is still the limiting condition. In the case of most electronegative ele- 
ments in contact with iron, the overvoltage is high enough to prevent the 
escajx* of appreciabh* amounts of hydiogen when in contact with natural 
waters, and in this case the limiting factor must again be the rate of diffusion 
of oxygen to the surface. In other words, the amount of (*orrosion will Ik* 
determined by the total area saturated with hydrogen, but the loss in weight 
will all be concentrated on the iron portion of the suifac(', so that the rate of 
corrosion of the iron itself will be accelerated to an extent depending on the 
area of inert, surface which it is able to ke('p saturated. Preliminary expi'ri- 
ments in this laboratory indicate that the corrosion of iron In contact with 
copper in natural waters is accelerated to very nearly the extent predicted 
from the relative areas of the two metals. In view of this, relatively small 
areas of impurities of segregated materials could have but little effect. On 

‘ MeInnes and Contieri: J. Am. Chem, Soc., 41 , 2013 (1919). 

* Friend: “The Corrosion of Iron and Steel”, 211 (1911). 

’Griffin: J. Ind. Eng. Chem. 12, 1159 (1920). 
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the other hand, where an iron pipe is almost completely covered by an inert 
conductor, such as mill scale or lead, the small unprotected areas should cor* 
rode with great rapidity, causing the deep pits characteristic of such condi- 
tions. 

‘‘There are, however, one or two notes in the literature which indicate 
more than normal acceleration by contact with a small piece of other metal. 
Thus, Walker,^ in order to account for the marked accelerating action of a 
comparatively small area of platinum in contact with iron observed in some 
tests with “ferroxyl indicator, postulates an increased reaction rate be- 
tween the oxygen and hydrogen at the platinum surface. This would be a 
convenient assumption since it would account for any observed amount of 
acceleration but does not appear to be tenable in view of the reasoning in a 
previous section which indicated that the rate of reaction, even at an iron sur- 
face, was much more than that required to take care of aU the oxygen which 
c'ould diffuse into the surface. Furthermore, this rate of diffusion could not 
be affected by the natuie of the metal surface. 

“As a possible explanation of Walker^s observations, it was considered 
that the ferricyanide might have been acting as a depolarizer by oxidizing the 
hydrogen, especially at the platinum surface. On repeating the experiments, 
it was found that no appreciable acceleration could be observed qualitatively 
in the absence of ferricyanide, and that when ferricyanide was present, ferro- 
cyanide was rapidly produced around both the platinum and iron surfaces, 
as shown by the color found in these regions when dilute FcCls was poured 
on top of the jelly. Tests in the absence of oxygen also indicate that under 
these conditions, some hydrogen is evolved as such (dissolved) from the plat- 
inum surface, probably because of the increase in the potential of the corro- 
sion reaction due to the maintenance of a low concentration of Fe++ plus the 
low overvoltage of platinum. The behavior and cate of corrosion in the two 
tests were quite different, and from the foregoing facts it must be concluded 
that the ferroxjd test, while very interesting, is not in any sense a reliable 
indication of what really happens in ordinary corrosion. 

“In considering the rate of corrosion of electropositive elements, such as 
zinc, in contact with iron, the tendency to form hydrogen is so great, even in 
natural waters, that the overvoltage of one of the metals is likely to be ex- 
ceeded and hydrogen evolved, even the natural-water range giving a greater 
rate of corrosion than that corresponding to the rate of diffusion of oxygen. 
Sodium is an excellent example of such a case, while zinc is probably just on 
the border line, and owes its pre-eminence as a protective material to this 
fact. More positive elements would corrode too rapidly with the evolution 
of considerable hydrogen, while less positive metals would not adequafely 
protect a reasonable area of iron.'^ 

1 Mech. Eng. 23, 677 (1909). 

2 A neutral jelly containing ferricyanide and phenolphthalein indicators to indicate 
where iron goes into solution and where alkali is produced. See Friend: “The Corrosion of 
Iron and Steel”, p. 248. 
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Whitman and Russell say that “present opinion on the mechanism of the 
corrosion of iron and steel by natural waters can be broadly divided into two 
camps* The first is agreed that corrosion is initiated by a reaction of metallic 
iron and hydrogen ion, producing ferrous ion and nascent hydrogen. The 
other group centralizes on a colloidal explanation of the process and considers 
that hydrogen is not involved in natural water corrosion. The first position 
is presented by Wilson^ in a paper which embodies several important advances 
over the views of earlier writers. Wilson divides the subject of submerged 
aqueous corrosion of steel into three fields — alkaline, natural water, and acid 
— and enumerates the controlling factors in each. The primary reaction in all 
cases is that l)etween metallic iron and hydrogen ion. 

Fe+2 H+ = Fe+++2H (i) 

In alkaline water the rate of corrosion is limited by the low concentration of 
H+. Since the nascent hydrogen is formed only slowly, It can readily he re- 
moved by oxidation by the dissolved oxygen in the solution to form water 

2H+1/2 02 = H20. (2) 

Reaction 1 speeds up as the is increased towards the neutral point, until 
it becomes faster than the depolarizing Reaction 2. Under these conditions 
the rate of corrosion is limited by the rate at which the polarizing film of 
hydrogen CAn be remov(‘d by oxidation, and Reaction 2 becomes controlling. 
Wilson further states that the speed of the depolarizing reaction is determined 
almost solely by the rate at which dissolved oxygen can diffuse into the metal 
surface, and it is practically independent of hydrogen-ion concentration and 
composition of steel within the limits of natural waters. 

“F'urt her increase in H + ( oncentration results in the evolution of hydrogen 
gas, and the reaction 

2H«H2 ( 3 ) 

proceeds in parallel with oxygen depolarization to remove the polarizing film 
of hydrogen. In this acid range overvoltage is an important factor because 
of its relation to gas evolution. The various colloidal theoiies which have been 
proposed agree that the function of oxygen in natural water corrosion is either 
to oxidize ferrous iron to ferric, which then corrodes the metal and is reduced 
to ferrous, or to oxidize the metal directly. Although the exact concepts of the 
different writers vary, they are in general agreement that hydrogen is not an 
essential part of the corrosion under these circumstances. 

“Walker,® discussing the mechanism of corrosion when two metals are in 
contact, shows that a circuit is built up whereby the metal that is the anode 
goes into solution while hydrogen Is deposited on the cathode. Thus iron in 
contact with zinc is protected and the zinc corrodes, while iron in contact with 
copper corrodes at a higher rate than if the copper were absent. Aluminium 
and other metals that rapidly form a protective oxide film do not exert the 
action exhibited by zinc. 

^ Ind. Ei]^. Chem. 16 , 276 (1924). 

* Ind. Eng. Chem. 15 , 127 (1923). 

* Walker, Cederholm, and Bent: J. Am. Chem. Soo. 29, 1251 (1907)- 
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‘Tor corrosion of steel in natural water, the increased rate due to contact 
with copper or other metals lower in the electromotive series should be due 
to the greater surface available for hydrogen depolarization by dissolved 
oxygen. Wilson points out that the overvoltage or specific catalytic proper- 
ties of the second metal are not concerned unless conditions are such that 
hydrogen can be removed by gas evolution or by depolarization by oxidation 
from agents other than dissolved oxygen. Where dissolved oxygen alone is 
concerned, as with most natural waters, the rate of oxygen diffusion to the 
polarized surface is the main factor that determines the rate of depolarization 
and hence of corrosion. 

“The effective area of the cathodic metal in accelerating corrosion is 
determined by the relative rates of hydrogen deposition and of oxygen diffu- 
sion. At any point where hydrogen is deposited more rapidly than oxygen 
can depolarize it, the area may be considered equivalent to an equal area of 
steel. This means that the total area for depolarization (area of steel plus 
effective area of other metal) determines the rate of corrosion^ although the 
actual corrosion is localized on the steel alone. 

“Since the hydrogen deposition depends cn an electrochemical reaction, 
the factors that must be considered are (a) difference in potential between 
the metals, (b) conductivity of the liquid-metal circuit, and (c) rate of oxygen 
depolarization. It is clear that the distance over which acceleration can occur 
will be determined largely by the conductivity of the solution. It should be 
understood that a copper surface on which the rate of hydrogen deposition 
is lower than the potential rate of oxygen diffusion (because of insufficient 
electrolytic action) is not so effective as an equal area of steel. 

“According to the foregoing viewpoint the effect of bringing a unit area 
of copper into “effective^^ contact with a unit area of steel would be to double 
the area for oxygen depolarization and hence to double the actual amount 
of corrosion occurring on the unit area of steel. Similarly, the result of copper- 
plating small areas of a piece of steel would l>e to localize the same total 
amount of corrosion on the uncoated areas, with a certain degree of pitting.” 

“The results show the same total rate of corrosion for bare steel as for the 
same area of steel when copper-plated over 75 per cent of its area. In the 
latter case this corrosion is localized on the steel alone, as is proved by the 
absence of any tarnishing on the copper surface and by the deeper corrosion 
of the exposed area of steel. The corrosion per unit area of exposed steel is 
therefore foui times as great with the copper-plated specimens, since the same 
total corrosion is concentrated on one-fourth the area. It will be noted that 
protection of the copper apparently extends over greater distances than the 
0.7s cm observed in beaker tests; this is probably due to presence of pinholes 
in the plated copper. 

“These observations confirm the theory that the rate of corrosion is deter- 
mined by the rate of oxygen diffusion to the metal surface where hydrogen is 
deposited. Hydrogen deposition in the first experiments occurred over the 
total surface of steel, and the oxygen diffusing in performed the dual function 
of depolarizing hydrogen and oxidizing the outer layer of rust from ferrous 
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iron to ferric. In the experiments with copper-plated surfaces oxygen diffusing 
to the copper served only to depolarize hydrogen, while that diffusing to the 
steel oxidized both hydrogen and ferrous iron. In any event the equal corro- 
sion obtained from the bare and plated samples demonstrates that under 
normal conditions the function of the copper surface is very simple and that 
oxygen diffusion to remove the hydrogen film is the controlling factor. These 
results cannot be reconciled with the colloidal theory proposed by Friend. 
Friend states his theory as to the mechanism of natural water corrosion as 
follows: 

‘Tn neutral solution, therefore, process No. 2 predominates (corrosion 
proceeds by catalysis, the catalyst consisting of a colloidal iron hydroxide) 
and the rate of corrosion depends almost entirely upon sol formation. (Italics 
are the authors\) 

^Tt is obvious that the ^'colloidal iron catalyst” does not exist on the sur- 
face of the copper, and therefore that Friend’s theory cannot explain the fact 
that total corrosion is the same when steel surface is replaced by copper. (The 
authoi-s do not l^elieve that positive evidence of the catalytic effect of colloidal 
iron hydroxide on the cwrosion of steel has yet been presented). 

“The results of the beaker tests on the corrosion of steel in contact with 
copper and platinum agree with the concjept of hydrogen depolarization. 
Wilson has pointed out the fallacy of applying the ferrox>d indicator test as a 
measure of natural water corrosion, since an additional depolarizer (ferri- 
cyanide) is introduced. The absence of any specific catalytic corrosion effects 
from platinized platinum in the l>eaker tests demonstrates that the process 
is controlled by oxygen diffusion rather than by a rate of chemical reaction.” 

Whitman and Russell draw the following conclusions from their experi- 
ments. 

“i — Contact of steel with metals lower in the electromotive series sets up 
electrolytic action and increases the corrosion of the steel in natural waters. 
Since under these (conditions the rate of corrosion is deteimined by the rate of 
hydrogen depolarization by dissolved oxygen, the accelerated corrosion of 
stecel in contact with copix^r is due to the increased area available for depolar- 
ization. 

‘*2 — Depolarization of hydrogen on the steel surface is limited by the rate 
at which dissolved oxygen can diffuse from the liquid in to the surface. Hy- 
drogen is deposited also on the adjacent copper surfaces, where it can be 
oxidized as fast as oxygen is supplied — ^i.e., just as rapidly as on the same area 
of steel surface. On portions of the coppc^r at a greater distance from the 
steel, hydrogen deposits on the copper less rapidly than the potential rate of 
oxygen diffusion, owing to the incieased resistance of the electrolyte in the 
liquid-metal circuit. These portions are less effective as depolarizers and the 
effectiveness decreases as the distance from the corroding steel becomes great- 
er. The total effect of the copper is to increase the rate of corrosion of the 
steel proportionately to the increase in the “effective” area for depolarization. 
Increased conductivity of the solution permits the copper to act as a depolar- 
izing surface at greater distances from the steel. 
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3 — ^The older theories of the specific catalytic properties of metals as 
depolarizers, or of their effects m lowering over-voltage, have no bearing on 
the normal corrosion of steel in natural water at room temperature, 

4 — ^The results offer experimental confirmation of the electrolytic mechan- 
ism of corrosion and of Wilson's predictions as to the magnitude of the accel- 
erated corrosion of steel in contact with lower metals. 

5 — The results cannot be explained on the basis of those theories of Friend^ 
or Bengough and Stuart,® which involve direct oxidation of the metal or metal 
ion and which neglect electrolytic action." 

The great difficulty about experiments on corrosion is the length of time 
ordinarily required for a single experiment. To make real progress we must 
devise a satisfactory accelerated test. I do not agree with Cushman and 
Gardner* in their statementthat ‘'owing to the nature of corrosion it is prob- 
ably true that no perfectly reliable acceleration test for corrosion resistance 
can be devised. Corrosion, in the natural process of rust formation, that is 
to say, in very slightly acid media, is a question of comparatively slow growth 
imder special conditions, and any effort to hasten the action changes all the 
conditions of equilibrium, producing an entirely different order of phenomena." 

While this statement may be right, it is a pure assumption at the present 
time and not a plausible one. Of course the conditions for the stability of a 
surface film will be different under atmospheric corrosion from those for im- 
mersion; but, if we can develop a satisfactory test for the matter, it will be 
a simple matter to introduce the modifications for atmospheric corrosion. 
While I cannot give an accelerated test now for corrosion in aqueous solutions, 
I can outline it. The first thing to do is to determine the voltage-current 
curve in the solution to be studied, measuring the anode potential, to deter- 
mine whether, and under what conditions, the metal becomes passive. With 
that out of the way the accelerated test will be an electrolytic one. We shall 
have to determine: how high a current density is permissible; where the 
cathode should be placed; whether and when stirring is permissible; how 
often the solution should be changed; etc. A great deal of work will have to 
be done before we can write exact specifications for an accelerated test and we 
shall have to prove, beyond a peradventure, that the accelerated test can be 
relied on to give reliable results in every case. I feel sure, however, that this 
can be done, and that the eventual rapidity with which we can then accumulate 
data, will more than pay for the time spent in preliminary experiments. The 
most valuable thing that I learned from Ostwald was that it pays to spend 
an apparently inordinate length of time developing one's method of attack 
provided one is sure of working at a sufficiently increased speed later. Cer- 
tainly the experience of the last twenty years' study of corrosion has demon- 
strated the futility of the haphazard method of attack. 

I am sorry to say that Mr. Speller is rather sceptical as to the preceding 
paragraph. He doubts seriously whether the accelerated test of the future 

* Iron Steel Inst., (London), Carnegie, Schol. Mem. 11, 125 (1922). 

* ‘'Sixth Report to the Corrosion Research Committee of the Institute of Metals'’ 

(1923)- 

* "Corrosion and Preservation of Iron and Steel," 99 (1910). 
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will be electrolytic only or whether we are justified in using a higher electro- 
motive force to carry the metal into solution than is natural to the kind of 
corrosion under consideration. This criticism is fundamental if sound, be- 
cause it bars out any accelerated method of thi^ type. There will be occasions, 
copper in bichromate solution for instance, where it will not be permissible to 
run up the current density; but that is already covered. It will also not be 
permissible to increase the current density to the point at which we do not get 
selective corrosion with a two-phase alloy; but there are no satisfactory data 
as yet to show at what point this occuis and I am quite certain that the corro- 
siv')!! can be accelerated considerably. Mr. Speller adds that “it seems from 
our study of the subject so far, that all the main factors should lx* included in 
an accelerated test in their right relation to each other. Very often sufficient 
acceleration will be obtained by keeping the oxygen concentration constant 
and keeping the test going continuously. This subject is now in the hands of 
sub-committees of the American Society for Testing Materials having to do 
with accelerated corrosion tests for ferrous and non-ferrous metals and should 
♦ be considered very carefully before definite recommendations are made which 
might afterwards have to be recinded”. 

Speller and KendalP have developed a special, accelerated test for corro- 
sion in natural waters where the dominating influence is the content of dis- 
solved oxygen. Since the corrosion is almost directly proportional to the dis- 
solved oxygen content, it is possible to measure the amount of corrosion by 
measuring the amoimt of oxygen used. “Arndt® used an oxygen absorption 
method based on measuring the oxygen gas removed from moist air in which 
the samples of metal under observation were exposed in a closed vessel. While 
this is an approximation of atmospheric corrosion, it can not be applied to 
under-water corrosion. Moreover, in piping installations and service lines, 
the moat important factor is the concentration of the dissolved oxygen. A 
measurement, then, of the decrease or drop in dissolved oxygen through any 
system becomes a measurement of the amount of corrosion in that system. 
This is manifested in a practical way hy the early failure of portions of the 
system near the water inlet and the comparatively long life of other parts 
farther awaj". The dissolved oxygen is removed in the first lengths of pipe 
so that the pipe farther away is furnished with water almost free from dis- 
solved oxygen. It would seem, therefore, that, by using an iron pipe of a con- 
venient size and measuring the oxygen concentration in the water which was 
caused to flow through such a pipe, rapid and accurate measurement of the 
corrosion could he made. 

“The main factors which influence corrosion aside from ox3'gen concentra- 
tion are temperature, velocity of flow, comiK)sition of the water, and protecting 
influence of films of oxides or other matter formed on the surface of the metal. 
By keeping all the factors constant except the one to be measured, the influ- 
ence of this one can be readily determined. Considering the number of vary- 
ing factors entering into corrosmn, it is very desirable feo have a method of 

* Ind, Eng. Chem. IS, 135 (1923). 

> Chom. Ztg. 24 , 425 1078 (1910). 
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investigation by which tests can be made in a comparatively short time so that 
all other factors can be easily kept constant. This method we believe has 
fulfilled these exacting requirements. It is quite evident, of course, that the 
method does not apply to either decidedly alkaline or acid solutions; but the 
great bulk of natural waters falls within the range of pH 5 to pH 1 1, and it is 
in this range^ that oxygen concentration is the dominating factor. . . . 

''An apparatus was constructed consisting of a coil about iS*' in diameter 
of 200 ft. of 1/4*' black pipe placed within a drum. The coil was tapped every 
five feet up to 30 ft. and then at 40, 50, 75, 100, 150, and 200 ft. In order to 
maintain constant time of contact at different velocities, the length of pipe 
was varied. For example, at a velocity of i ft/sec. the water had a time of 
contact of fifty seconds when it was passed through 50 ft. of pipe. When the 
velocity was raised to 2 ft./sec. the water was passed through 100 ft. of pipe. 
In this way the only variable at any given temperature was the velocity. A 
gas heater was connected with the apparatus so that the water could be heated 
to any desired temperature. At the higher temperatures, to maintain an even 
temperature throughout the entire system, steam was introduced into the drum. 
All connections and pipes from the gas heater to the coil and also the cooling 
coils and connections were of brass. At the entrance to the coil a small amount 
of water was by-passed through a cooling coil and the dissolved oxygen con- 
tent determined by the standard Winkler method.^ The water, after passing 
through the experimental coil, was cooled to normal temperature and its 
oxygen content determined. All the samples were cooled under pressure so 
that the gas would not separate when the pressure was lowered. The initial 
pressure was varied from 40 to 75 lbs. Under no condition was the exit 
pressure less than 10 to 20 lbs . , . . To ensure that the coil was representa- 
tive of actual pipe installations, 200 ft. of 1/4" pipe was laid out in a straight 
line and the pressure drop measured at taps corresponding to those in the 
coil. The coil did not increase the frictional loss appreciably except for the 
last two lengths. 

After this series of tests were run, the 1/4'^ pipe was replaced by 1/2^ and 
later by 3/4^ pipe. Because of the large volume of water required for obtain- 
ing high velocities on the two latter sizes of pipe, it was found necessary to 
insert an auxiliary cooling coil consisting of 30 ft. of copper pipe at the dis- 
charge from the experimental coil. This cooled all of the water at a tempera- 
ture of 50® to iio®F, depending on the working temperature. The discharge 
was then split, part passing through another cooling coil which brought the 
temperature down to between 40° and 60° F. It was then sampled for dis- 
solved oxygen and the icmainder wasted. Each rate of flow was set by a stop- 
watch. Particular pains were taken to hold the temperature absolutely con- 
stant throughout the entire length of the coil. The condition of the suface 
of the test pipe was determined at frequent intervals to make sure that the 
rate of corrosion had not changed materially by reason of adhering rust films.'^ 

1 See Wilson: Ind. Eng. Chem . 15 , (1923). 

* American Public Health Association, p. 65 (1920). 
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Speller considers that this new method of measuring corrosion is especially 
applicable to the investigation of corrosion factors such as velocity and 
film protection. He states that tests of the rate of corrosion may be made 
in a few minutes by measuring the drop in oxygen. This method should 
be accompanied by long time tests in which the loss in weight and depth 
of pitting may be determined. 

In this report I have made no attempt to cover the literature of corrosion. 
I am hoping that that will be done by Professor Fink at Columbia. I have 
made no attempt to account for all the phenomena. I could not have done 
it if I had wished to. A great deal of work will have to be done by many be- 
fore we shall be able to say that we have an adequate knowledge of corrosion. 
I have made an attempt — and I hope a successful one — ^t.o show that the con- 
tention of Bengough and Stuart, that the electrolytic theory of corrosion is 
inadequate, is certainly premature and probably inaccurate. I concede that 
they have made out a very good case against the distinctly one-sided presen- 
tation of the theory by Cushman and by Lambert ; but Bengough and Stuart 
did not rise to the occasion. Instead of pointing out that the facts could be 
accounted for satisfactorily by a broader form of the electrolytic theory of 
corrosion, which was to be found in the literature, they adopted the hypothesis 
of a direct, non-electrolytic corrosion, and that seems to me a distinct step 
backward. I do not believe that that will prove a satisfactory working hy- 
pothesis in the study of the properties of surface films, which both sides admit 
to be the fundamental problem before us. 

Cornell University. 
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It is well known that esterification in the vapor phase is catalyzed by 
certain oxides. Sabatier and Mailhe^ studied the effect of titania and thoria 
on a mixture of equivalent amounts acetic acid and ethyl alcohol and, in the 
most favorable cases, obtained 67% esterification which was very close to 
Menschutkin’s value* of 66.7. It has been assumed by Sabatier and Mailhe* 
that the limit in gas phase reached in the presence of these catalytic oxides 
would be the same as that in the liquid phase. They foimd about 70% esteri- 
fication at 300® and attributed the slightly higher value to the higher tempera- 
ture since Berthelot had found 65 . 6% at 100® and 67 . 3% at 200®. This view 
seems to have been commonly accepted, particularly as no measurements are 
on record of the equilibrium in the gas phase. 

Berthelot and P6an de Saint-Gilles* made several attempts to measure the 
equilibrium in the gaseous phase but did not succeed on account of the extreme 
slowness of the reaction. In parallel experiments in which equivalent amounts 
of alcohol and acetic acid were heated 10 hours at 200® there was 65.2% esteri- 
fication in the case in which the volume of the tube was 2.6 cc. per gram of 
mixture and only 10.0% where this volume was 1351 cc. In another experi- 
ment in which the volume was 1 562 cc. the esterification was only 49.0% after 
458 hours at 200®. Starting from the other end, they heated ethyl acetate 
with 2 equivalents of water at 200® and found 11.5% hydrolysis in 0.5 hour 
where the volume was 2.3 cc per gram but with the volume 476 cc. the decom- 
position of the ester was ^‘insensible'' in 142 hours. These experiments dem- 
onstrate the extreme slowness of the reaction in the gaseous phase and, by 
contrast, serve well to show the enormous accelerating influence of the cata- 
lytic oxides. 

They ran two series of experiments® in which the volume per gram of 
mixture was varied and with equivalent amounts of ethyl alcohol and acetic 


acid at 200® obtained the following results: 


Time hours 

Vol to I g. 

% Esterification 

22 

5-4 

66.4 

77 

370 

73.3 

77 

53-0 

76.0 

10 

2.6 

65.2 

22 

5-3 

66.4 

22 

8.3 

66.8 

22 

21.2 

71.7 

22 

24.4 

72.9 


^ Contribution from the Chemical Laboratory of Johns Hopkins University. 

• Sabatier and Mailhe: Compt. rend. 152, 358, 494, 669 ana 1044 (1911). 

195, 3.34 (1879), Ann. chim. phys. {5) 20, 289; 23, 64 (1880). 

♦ ^*Catal3r8i8 m Organic Chemistry, p. 277 (1922). 

*Ann. chim. phys. [3] 66, 54 (1862). 

•Ann. chim. phys. [3] 66, 59 (1862); 68, 239 (1863). 
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They conclude (p. 243) that increase of volume favors the combination of 
acids and alcohols and enfeebles the inverse action of water on the esters. 

It appears then, that if the limit of esterification could be measured in the 
gaseous phase, it would be found to be high, apparently very much higher 
than the 66.5% found for the liquid phase. With silica gel as catalyst we 
have obtained esterification up to 89.6%, the percentage depending on the 
time of contact, but have no reason to chink that equilibrium has been reached. 
In this system in the liquid phase, esterification goes on 4 times as rapidly as 
saponification, in the vapor phase this ratio is apparently much higher. The 
89.6% esterification which we have reached corresponds to a ratio of 74 and 
the true ratio is probably higher yet. 

Recently Edgar' has measured the limit for ethyl alcohol and acetic acid 
by a distillation method and his preliminary results indicate a limit well above 
90%. Perhaps the excellent yields of esters obtained by Bodroux® and the 
remarkable results obtained in plant processes for ethyl acetate from very 
dilute solutions of acetic acid as described by Whitaker® may be connected 
with the more favorable location of the equilibrium point in the vapor phase. 

We find silica gel to be more active in esterification than either thoria or 
titania is said to be. 

The Present Investigation 

The experiments in Tables I and II were carried out by C. H. Milligan in 
1921 and reported at the Rochester meeting of the Society; those in the later 
tables are by J. T. Chappell, using the same furnace and same methods but 
mth different materials and standard solutions and working a year later. 

Apparatus and Methods. The catalyst tube was pyrex glass 18 mm. inside 
diameter. The catalyst, 100 g. of silica gel,^ occupied 450 mm. of this tube of 
which the portion in the furnace was 570 mm., the vacant space being nearly 
all at the forward end to allow the gases to come to temperature. This end 
of the tube projected 100 mm. out of the furnace portion being surrounded 
with asbestos and heated by an extra coil wire, thus serving as a volatilizing 
chamber for the liquid mixture. The electric tube furnace was automatically 
controlled and kept the desired temperature within ±1® for a week at a time. 

The mixture of exactly equivalent amoimts of pure acetic acid and absolute 
alcohol was admitted through a needle valve dropping device which could be 
regulated to admit the liquid at so many drops per minute. By weighing a 
number of the drops the rate could be determined. All rates are stated in 
number of cubic centimeters of mixed vapors at the temperature of the fur« 
nace. By turning the regulating screw this rate could be set from 4 drops to 
160 per minute or from 40 cc. to 1600 cc. of vapors per minute. As the free 
space in the catalyst chamber was 82 cc. the time each molecule was in this 
space can be calculated. The amount of esterification was determined by 

' Professor Edgar has kindly let us see some of his results in advance of publication. 
See J. Am. Chem. Soc., 46 , 64 (1924). 

•Compt. rend. 156 , 1079 (1913); 157 , 1428 (1915). 

* Chem. Met. Eng., 28, 108 (1923). 

^ For which we are indebted to Professor Patrick. 
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titrating the free acid in a weighed sample of the condensate. To check the 
figures thus obtained, the ester was determined in a number of samples by 
saponification. The values obtained in the two ways checked very closely. 

In Table 1 are given a number of analyses of successive samples of the 
condensate when the furnace was set at different temperatures and the rate 
of the vapors varied. 

Table I 

Rate cc. Time in Percent 

No. Temp. per min. Furnace Esterification 

sec. 


I 

150 *" 

40 

123 

89.6 

2 

>f 

66 

74 

82 

3 

ff 

ft 

ft 

85 

4 

t 9 

ft 

ft 

8S 

S 

f} 

ft 

ft 

87 

6 

t) 

120 

41 

68.7 

7 

)f 

255 

19 

43 

8 

250° 

89 

56 

77 ‘5 

9 

ft 

177 

28 

72.5 

10 

ft 

ft 

ft 

74.0 

II 

ff 

ft 

ft 

76.0 

12 

ft 

ft 

ft 

76.0 

13 

ft 

ft 

ft 

76.0 

14 

ff 

ft 

ft 

76.4 

IS 

ft 

290 

17 

69.0 

16 

ft 

ft 

ft 

71 .0 

17 

ft 

380 

13 

64.0 

18 

ff 

ft 

ft 

64.6 

19 

ft 

ft 

ft 

69 s 

20 

ft 

ft 

ft 

70.0 

21 

ft 

630 

8 

57.5 

22 

ft 

ft 

ft 

60.7 


It appears that the percentage of ester formed at a given temperature is 
closely related to the rate at which the mixture is passed over the catalyst. 

To account for the high percentages of esterification obtained our first 
supposition was that water was being retained by the gel, the equilibrium being 
shifted according to the mass law by diminishing the concentration of that 
constituent. For 66% esterification the partial pressure of the water vapor 
would be 253 mm. and it was thought that the gel might absorb a considerable 
amount of water at this concentration. 

Quantitative experiments were made to determine the amoimt of water 
taken up by the gel, at several temperatures, from air containing this amoimt 
of water vapor. A weighed sample of silica gel was heated in a U-tube in an 
oil bath to the desired temperature and air which had bubbled through water 
at 72® was drawn over it. This was continued to constant weight. 
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The amount of water retained by silica gel at 253 mm. partial pressure is: 

At ISO® 9.27%; at 200® 7-25%; at 250® 5*38%. 

The sample of gel used was the commercial gel and had become saturated 
with moisture imder usual atmospheric conditions and contained 17.95% of 
water. When heated up to the temperature at which it was used, a part of 
this water was given off. When it was used at a higher temperature and then 
at a lower, some water would, of course, be taken up and might account for the 
high esterification figures, at least till it had acquired the proper amount of 
water. 

In order to test this a run was made in which the mixture of acid and alco- 
hol was passed continuously for 108 hours at 150® in which time 420 g. of the 
mixture passed over the gel and about 50 g. of water was set free, or 5 times 
the total water content of the lot of gel at 150®. 

During this run the rate was varied from time to time and samples taken 
at the different rates, but not till the rate had remained constant long enough 
for conditions to become constant. The results are given in the table below: 

Table II 


Esterification at 150® 


No. 

Rate cc. 

Time in 
furnace 

Amount that had 

Percent of 


per min. 

sec. 

passed through, g. 

esterification 

I 

82 

60 

17 

76.5 

2 

82 

60 

40 

76.6 

3 

82 

60 

100 

74.2 

4 

82 

60 

102 

750 

5 

40 

123 

115 

85.0 

6 

82 

60 

125 

74 

7 

100 

44 

135 

65-5 

8 

82 

60 

150 

74 

9 

82 

60 

— 

72 

10 

82 

60 

200 

79.6 

II 

40 

123 


89.6 

12 

82 

60 

300 

70 

13 

50 

98 

305 

83 

14 

82 

60 

400 

75-2 

15 

120 

41 

420 

60 

Most 

of the samples 

were small but No. 12 and 14 were each from 100 


of the condensate. It appears from this long run that when the rate is the 
same, the percentage of esterification is nearly the same. At very slow rates 
the percent of esterification is very high, even approaching 90% . 

On account of the length of the run and the large amount of water involved 
the excess of esterification cannot be accounted for by supposing retention of 
water by the gel. The high values arc all the more remarkable when the water 
content of the gel is considered. If we think of the alcohol and acid as being 
in solution in the water in the gel we must have a rather dilute solution, even 
taking into account the displacement of a part of the water by alcohol and 
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acid. Under constant conditions the amount of water in the gel is fixed, yet 
it is the amount of the water and not the individual molecules of water that 
is fixed. They are free to go and come and to react as other water molecules. 


Table III 

Esterification at various temperatures. 


No. 


Temp. 

Rate 

, cc. Time, sec. % Esterification 

I 


148 

84 

57 

44.5 

2 


175 

56 

86 

73-9 

3 



89 

54 

57.8 

4 


ff 

103 

47 

51-3 

S 


197 

58 

82 

78.5 

6 


200 

89 

54 

71*3 

7 


222 

62 

78 

76.4 

8 


230 

100 

48 

54.9 

9 


245 

119 

40 

70.6 

10 


27s 

103 

46 

68.6 

11 


320 

136 

35 

63.0 




Table IV 






Esterification at 175® 




No. 


Rate, cc. 

Time, sec. 

% Esterification 


I 


56 

86 


73.8 


2 


79 

61 


61 .0 


3 


89 

54 


57.8 


4 


93 

51 


52.7 


5 


103 

47 


513 


6 


107 

45 


47-9 


7 


112 

43 


48.4 




Table V 






Esterification at 200° 




No. 


Rate, cc. 

Time, sec. 


% Esterification 


I 


4.9 

975 


84.4 


2 


20 

244 


81.3 


3 


35 

139 


80.4 


4 


38 

125 


80.6 


5 


44 

108 


79.1 


6 


49 

99 


77-3 


7 


54 

87 


77-4 


8 


59 

81 


77.8 


9 


88 

54 


71-3 


10 


118 

41 


64.8 


II 


138 

35 


S3 -7 


12 


197 

24 


39 . s. 
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At 200® there was a slight diminution of activity of the gel with time as is 
shown by two runs at two constant rates: 

Table VI 

Esterification and Time of use. 

Time, days o 7 9 14 15 

Rate, 38 cc. 83.9 80.7 79.4 78.3 

Rate, 44 ec. 81.0 79.7 76.6 

In a given run when conditions are kept constant the percentage of esteri- 
fication is nearly, but not quite constant as is shown by the following run. 


Temp. 175'^ 
Time, min. 

% Esterifica- 
tion 


Table VII 

Variation of Esterification 
Rate 107 cc. 

289 297 362 

52.8 52.4 52.1 


369 

52. 1 


377 
51 -9 


449 

51S 


456 464 
Si-2 51.5 


540 

SI-2 


547 552 

53-3 SI-2 



Fig. 1 

Perc*cntage Esterification Against 
Time in Catalyst Tube 


In the figure the percentage of esterifi- 
cation is plotted against the time the va- 
pors remained in the furnace. The num- 
erals on the curves refer to the tables 
from which the figures are taken. 

From this it is apparent that high 
temperature makes for rapid esterifica- 
tion ; that the percentage of esterification 
increases with the time up to a certain 
point where it becomes nearly constant as 
if a limit were being approached but this apparent limit is lower for higher 
temperatures. From observations of Brown and Reid' only 16% of ethyl 
alcohol is decomposed by silica gel at 360®, when passes at a comparable 
rate, from which it is probable that it would break up very slightly at 200®, 
or even at 250®. It is possible that the ethyl acetate may be less stable in 
the presence of silica gel and may decompose with the re-formation of acetic 
acid. In a 9 hour run, the products of collected weighed 473. and the reac- 
tants put in, 52 g., the loss being too great to be accounted for by evaporation. 

In both series of experiments commercial silica gel was used but the first 
sample, Tables I and II, appears to have been considerably more active than 
the second. After 27 days of use the gel was quite black. 

One run was made at 200® in which 2 equivalents of alcohol were used to 
I of acid. The results are given in Table VIII. 

Table VIII 

Esterification at 200®, 2 equiv. ale. 


Time in sec. 

62 

49 

39 

% Esterification 

89.9 

82.5 

75-5 

do for i:i 

77.6 

74.7 

71-5 


‘ Paper to appear in a subsequent number of this Journal. 
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The figures in the last line are taken from the curve for 200® in Figure i. 
The excess of alcohol speeds up the esterification considerably. 

Comparison of Catalysts 

Taking the results of Sabatier and Mailhe^ we may make a rough com- 
parison of silica gel with their catalysts. They ran 0.2 mol of the mixture per 
hour which would mean 236 cc. of vapor per minute at 150®. Their results 
and ours are brought together in table below. 

Table IX 

Comparison of Catalysts. 


Temp. 

Rate 

Thoria 

% Esterification 

Titania 

Silica Gel 

ISO* 

236 CC. 

11 

20 

43 

170® 

248 

26 

— 

— 

230® 

277 

45 

60 

— 

250® 

290 

— 

— 

69 


Summary 

Silica gel has been found to be an excellent catalyst for esterification, better 
than thoria or titania. The percentage of esterification attained depends on 
rate of passage of the vapors, being about 90% for slow rates at 1 50®. There 
is no indication that the limit has been reached but this limit must be far 
higher in the vapor phase than in the liquid. 

‘ Sabatier and Mailhe as quoted by Sabatier; “Catalysis in Organic Chemistry,’’ 
278 (1922). 

BaUimore, Md. 



REACTIONS IN PHOSGENE SOLUTION. I. 

BY ALBERT F. O. GERMANN 


That phosgene is an extremely active compound is attested by the fact 
that the great majority of references to it' describe its use in some synthetic 
process. On the organic side, pliosgene has been shown to be particularly 
reactive, and while the particular direction of its reaction with a given com- 
pound may vary much with the precise conditions of temperature, concentra- 
tion, etc., in general, to use the words of Kiihn^, ^^the known reactions of 
phosgene proceed in two directions; in the first case they depend on the affin- 
ity of cfilorine for atoms of hydrogen or of a metal in amines, hydrocarbons, 
metallo-organic compounds, and compounds containing the hydroxyl group; 
in the second they depend on the tendency of phosgene to be converted into 
carbonic acid in the action on aldehydes, ketones and acid amides, while the 
carbonyl oxygen of these compounds is exchanged for chlorine.’’ Kuhn then 
describes a new typ(? of reaction in which “phosgene is capable of lifting the 
bond between carbon and tertiaiy amine nitrogen; the valences thus freed 
are satisfied by moans of the phosgene parts, CO and 2 Cl. This reaction has 
much resemblance to hydrolysis, and may have some connection with the 
ionizability of phosgene in solutions.” 

The work of Beckmann and Junker'* throw^s some light on the question 
as to whether phosgene yields conducting solutions. Molecular weight deter- 
minations using phosgene as ebullioscopic liquid showed that acetic and 
benzoic acids dissolve in this solvent with the formation of double molecules, 
while the anhydrides of these acids dissolve as simple molecules. Since this 
behavior is recognized as a property of non-ionizing solvents, phosgene is 
classed with these. The dielectric constant has apparently not been deter- 
mined, nor has anyone tried to electrolyze phosgene solutions. (See page 885). 

As a solvent for inorganic compounds, Beckmann and Junker found phos- 
gene to be very poor. Red phosphorus, arsenic, arsenious oxide, boric oxide, 
antimony, bismuth, stannous chloride, selenium and its chlorides, sulfur, 
sodium, potassium, calcium, thiocyanates, sulfides and sulfates of the alkalies 
and alkaline eaiths, zinc chloride, ferric chloride, ferric sulfate, chromic 
chloride, mercuric chloride and iodide, the chlorides of copper, lead chloride 
and chromate and silver chloride were all found to be insoluble. On the other 
hand they found iodine, iodine trichloride, the chlorides of antimony and the 
chlorides of sulfur soluble. 

John Davy,^ who discovered phosgene in the course of the controversy 
about the nature of chlorine, made a number of observations concerning its 
chemical behavior; its condensation with ammonia, and its action upon 
potassium, tin, zinc, antimony and arsenic when these are heated with the gas, 
forming chlorides of the respective metals and carbon monoxide. 

‘ Bibliography. BeroUheJmer: J. Ind. Eng. Chem., 11 , 263 (1919)- 

* Ber., 33, 2000 (1900). See also Hofmann: Z. angow. CJhem., 21, 1986 (1908). 

* Z. anorg. Chem., 55 , 371 (i9f 7). 

* Phil. Trans., 102 , 144 (1812); Nicholson’s Journal, 30 , 28 (1811). 
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Baud’ found that phosgene readily dissolves anhydrous aluminium chloride, 
and that the solution yields various phosgenates. He identified three of these. 
Following this work, BartaP investigated the solubility of the other halides of 
aluminium; he found the fluoride insoluble; the bromide was converted to 
chloride, with the production of carbonyl cUorobromide; the iodide reacted 
violently with the phosgene, yielding free iodine and a complex aluminium 
compound. 

Besson^ made a series of observations on phosgene reactions. He found 
that hydrogen bromide reacted above 200® C., to give traces of carbonyl 
bromide. Hydrogen iodide dissolved abundantly in phosgene cooled with ice 
and salt; but after a certain concentration was reached, a violent reaction 
occurred, yielding a quantity of iodine; using methyl chloride as a cooling 
bath, solution of HI proceeded regularly; but when the tube containing this 
solution was sealed off, and was left for several hours at a temperature several 
degrees below zero, a considerable quantity of iodine separated, and the tube 
contained an equivalent quantity of carbon monoxide. Phosphonium bromide 
reacted in the cold; rapidly at 5o°C.; carried out in a sealed tube, very high 
pressures resulted, and hydrogen chloride, hydrogen bromide, solid and gaseous 
phosphine, and carbon monoxide were formed. Phosphonium iodide reacted 
slowly at zero, 3nielding hydrogen chloride, carbon monoxide, phosphorous, 
and iodides of phosphorous. Phosphine was without action. Hydrogen 
sulfide gave carbon oxysulfide at 200®. Hydrogen selenide gave hydrogen 
chloride, carbon monoxide and selenium at 200®. Selenium heated with phos- 
gene at 230® gave carbon monoxide and selenium dichloride. 

The Chemical Warfare Service has measured the vapor tension of solu- 
tions of hydrogen chloride in phosgene^. 

In contrast with the general insolubility of inorganic compounds in liquid 
phosgene, organic compounds are, as a class, readily soluble. This fact un- 
doubtedly is partly responsible for the readiness with which organic com- 
pounds enter into reaction with it. As an acid chloride one would expect it 
to be reactive, and as a derivative of carbonic acid one would expect it to be a 
good solvent for carbon compounds. That phosgene is fundamentally as 
reactive with inorganic compounds is evident from the results of numerous 
investigations working at elevated temperatures, where the speed of reaction 
is much accelerated. Nuriesan^ passing phosgene over heated metallic sul- 
fides, prepared carbon oxysulfide; the preparation was especially successful 
with cadmium sulfide at 2 7o®C. Chauvenet® using the same method con- 
verted oxides and sulfides into anhydrous chlorides. Barlot and Chauvenef^ 
extended the method to phosphates and silicates, using temperatures ranging 

‘ Compt. rend., 140 , 1688 (1905). 

* Z. anorg. Chem., 55 , 152 (1907); 56 , 49 (1907). 

* Compt. rend., 122, 140 (1896). 

^ Edgewood Arsenal Chemical Laboratory Report No, 223; see also W. M. Schaufel- 
berger: Stanford University Thesis, 1920. 

* Ber., 24 , 2967 (1891), 

•Compt. rend., 147 , 1046 (1908); 152 , 87, 1250 (1911). 

'Compt. rend., 157 , 1153 (1913). 
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from 350® to 1400®. Baskerville^ describes a method for opening up acid 
insoluble minerals based on the great reactivity of phosgene at temperatures 
450® and above. Milligan, Baude and Boyd^, working at Edgewood Arsenal, 
found they could utilize the waste phosgene in the tail gas from the condensers 
by passing the gas over a mixture of arsenious oxide and carbon at tempera- 
tures above 175®, the carbon acting as catalyzer, and arsenic trichloride being 
quantitatively formed. 

Del^pine and Ville® say that liquid phosgene free from chlorine, compressed 
in iron cylinders, will not attack iron, but will attack iron rust, forming ferric 
chloride, some of which dissolves in the phosgene. Schiitzenberger^ attempted 
to catalyze the carbon monoxide chlorine reaction with platinized asbestos; 
the method was not successful because the nascent phosgene or the mixed 
gases destroyed the catalyst, forming volatile platinum carbonyl chlorides. 
Hamor and Gill^ were able to synthesize the mineral phosgenite, PbCO^. 
PbCh, by passing phosgene over lead hydroxide heated to 170®. Dixon^s 
attempt to prepare carbonyl thiocyanate® by a reaction between metallic 
thiocyanates and phosgene yielded solutions of the compound, but he was 
unable to get the pure substance. Germann and Jersey^ have reported the 
formation of molecular compounds between phosgene and chlorine, and be- 
tween phosgene and boron trifluoride at very low temperatures. Patern6 and 
Mazzucchelli® have measured the vapor tension of the solution formed by 
saturating phosgene with chlorine at — i5®C., from “-i5®C. to -i-4o®C. 

The present investigation was undertaken in order to clear up certain 
points about the behavior of liquid phosgene, with particular reference to its 
free chlorine content, and the activity of its combined chlorine. Phosgene is 
dissociated into chlorine and carbon monoxide by ultraviolet light, as has 
been shown by Weigert,® by Coehn and Becker'®, and by Berthelot and Gau- 
dechon and also by heat, as shown by the studies of Bodenstein and Dunant'^ 
Harak,'® Atkinson, Heycock and Pope,'^ and others. According to the meas- 
urements of Atkinson, Heycock and Pope, which are the most complete, and 
probably the most reliable published, phosgene is appreciably dissociated by 
heat at temperatures above 200®, the degree of dissociation reaching nearly 
20% at 400®, and 50^;^. at 500®. This would seem to indicate that the reactiv- 
ity of phosgene at temperatures above 200® may be due to the presence of 
free carbon monoxide and chlorine. As a matter of fact, most of the reactions 

* Science, 50 , 443 (1919). 

*Ind. Eng. Chem., 12, 221 (1920). 

* Bull. 27 , 288 (iQ2o), 

*Compt. rend., 66, 666 (1868); Bull. (2), 10, 188 (1868); Ann. chim. phys., (4), 21, 
350 (1872). 

*Am. Jour. Sci., (4), 47 , 430 (1919). 

• J. Chem. Soc., 83 , 84 (1903). 

^ Science. 53 , 582 (1921). 

• Gazz. cnim. ital., 50 , I, 30 (1920). 

® Ann. Physik., 24 , 243 (1907). 

'®Ber., 43 , 130 (1910). 

“ Compt. rend., 156 , 1243 (1913). 

** Z. phyeik. Chem., 61 , 437 (1908). 

Thesis, Berlin, (1909). 

J. Chem. Soc., 117 , 1410 {1920). 
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described above, taking place at elevated temperatures, may be carried out 
successfully by substituting for phosgene an equimolecular mixture of carbon 
monoxide and chlorine, as has been shown, among others, by Riban^ and by 
Matignon and Del^pine^ . 

The work of Weigert® on the influence of light on the phosgene equilibrium 
loses most of its value because he enclosed his gas in a glass container, instead 
of quartz. Coehn and Beckeri, using ultraviolet light, found that phosgene 
is appreciably dissociated when exposed in quartz vessels; but there is no 
dissociation when exposed in glass vessels; these results were obtained by 
direct measurement of the resulting carbon monoxide, after absorbing the 
chlorine and unchanged phosgene in caustic potash. Berthelot and Gau- 
dechon® got entirely similar results, but estimated the amount of dissociation 
by the soiling of a mercury meniscus by chlorine resulting from the dissociation ; 
this required less than five seconds of exposure to ultraviolet light when the 
gas was in quartz, eighty seconds in uviol, and in ordinary glass no soiling was 
perceptible after two hours of exposure. The following statement by Berthelot 
and Gaudechon is surprising, in view of the fact that no change in volume 
occurs when the chlorine formed during dissociation is absorbed by mercury 
(in quart/z): ^^En presence de mercure qui fixe le chlore, la decomposition 
continue et le volume se reduit peu & peu k moitie.^' Of course, the volume 
remains constant. 

The evidence seems to be that reactions involving phosgene at tempera- 
tures below 200®, cert-ainly up to loo®, carried out in glass containers, are not 
complicated by the presence of chlorine. Pure mercury in contact with pure 
liquid or gaseous phosgene is not soiled, unless the temperature is raised to 
near the critical point (178®); at this temperature the reaction is slow, but 
unmistakable. 

Atkinson, Heycock and Pope® question the accuracy of the measurements 
of Bodenstein and Dunant^ on the thermal dissociation of phosgene because 
the free chlorine was determined by passing the gas through an acid solution 
of potassium iodide, and titrating the liberated iodine with thiosulfate; the 
work of Besson® showed that pure hydriodic acid reacts rapidly with phosgene 
in the cold, and Del^pine® has pointed out that phosgene liberates iodine from 
sodium iodide solution if the concentration of the latter exceed 0.1%. The 
Chemical Warfare Service recommends passing phosgene gas through tubes 
containing a mixture of potassium iodide and sodium thiosulfate in order to 
free the gas from traces of chlorine. My experience with this method indicated 
that either the phosgene used contained large amounts of chlorine, or that the 
method was not reliable. 

1 Bull. 39 , 14 (1883); Compt. rend., 157 , 1432 (1913). 

*Compt. rend., 132 , 37 (1910). 

» Ann. Phyaik, 24 , 243 (1907). 

* Ber. 43 , 130 (1910). 

® Compt. rend. 156 , 1243 (1913). 

® J. Chem. Soc. 117 , 1410 (1920). 
phyaik. Chem. 61 , 437 (1908). 

« Compt. rend 122, 140 (1896), 

• Bull. 27 , 283 (iQ2o). 
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As a test, several grams of potassium iodide were sealed in a tube with a 
quantity of liquid phosgene, and the tube placed in a case where only diffused 
light reached it. After only a few da3>^s, the solution acquired the pink color 
of dilute permanganate solution, the color of dissolved iodine; and now, after 
eighteen months, the tube contains a quantity of large crystals of iodine, and 
the color is a deep claret. The reaction evidently does not depend on the 
presence of free chlorine. 

To dissipate a lingering doubt on this score, however, the following experi- 
ment was tried. A generous sample of potassium was distilled into a carefully 
dried, evacuated tube, and the side tube, serving as retort, was sealed off. 
The sample, thus prepared, consisted of two principal portions: one where 
the violet vapors had deposited as a violet sublimate on the cool walls of the 
receiver, and the other where the silver white liquid metal had flowed down the 
tube, and frozen along the way. A carefully fractionated sample of phosgene 
was condensed in the tulx^ and it was sealed off. After twelve months of 
repose in the dark, no change had taken place in the brilliant luster of the 
metal, which I interpreted as evidence of the entire absence of chlorine. For, 
although dry chlorine does not react with potassium, Cowper^ found that, 
when dry chlorine was admitted to bright potassium, the metal '^at first re- 
mained bright, but slowly became covered by a film of a rich purple color. 
This is no doubt the subchloride described by Rose-.^^ 

At the end of twelve months, the tube was brought out and exposed to 
bright August sunshine for a few hours. During this brief period those por- 
tions of the bright potassium not covered with liquid phosgene, and some 
parts of the surface adhering to the glass, became covered with a film of a rich 
purple color, evidently the same substance descrilx^d by Cowper in his 
experiments with chlorine. However, that part of the potassium covered by 
liquid phosgene remained bright, as well as some of the surface adhering to the 
glass. Since it w^as shown in two mdei)endent invevstigations^ that those 
wavelengths capable of decomposing phosgene are screened off by ordinary 
glass, the effect of free chlorine in producing the reaction may be eliminated. 
If we assume that certain wavelengths capable of traversing glass act cataljrt- 
ically at the surface of the potassium to bring about the reaction, ail the phe- 
nomena observed can be explained, if we assume, in addition, that phosgene 
absorbs the active wavelengths. There is only partial absorption in the case 
of phosgene vapor (under leas than two atmospheres pressure at room tem- 
perature); but liquid phosgene absorbs them completely when presented in a 
thick enough layer. The formation of the purple film on the surface of the 
metal next *thc glass occurs only where the metal had become separated from 
the glass suflSciently for a film of phosgene to penetrate betw^een them. 

A knowledge of the absorption spectrum of liquid phosgene would un- 
doubtedly help to clear up the phenomena observed, but no information seems 

1 J. Chem. Soc., 43 , 153 (1883). 

* Pogg. Ann., 120, 15 (1863). 

* Coehn and Becker: Ber. 43 , 130 (1910); Berthelot and Gaudechon: Compt. rend. 
156 , 1243 (1913). 
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to be available along this line. At any rate, there seems to be no doubt that 
phosgene gas passed over solid potassium iodide yields a product, which 
while it may be chlorine free, certainly contains free carbon monoxide. The 
use of powdered antimony is to be preferred for the removal of free chlorine. 

The behavior of the metals towards liquid phosgene is, in general, the 
same as that of potassium. In diffused light zinc, copper, and aluminium, in 
the form of bright foil, when exposed to the action of liquid phosgene, remain 
bright. It was to be expected that aluminium would dissolve, because alum- 
inium chloride is soluble in liquid phosgene. The explanation at once sug- 
gested is that the protecting oxide film is suflBciently resistant to withstand 
the action of the solvent. 

To determine this point, I tried the action of amalgamated aluminium. 
This involved special procedure, for the sample was so active, when amalga- 
mated, that corrosion was well advanced before it could be dried, enclosed in a 
tube, the tube sealed to the apparatus, and evacuated. Carefully cleaned 
aluminium foil was covered with distilled water in a test tube, and a few drops 
of mercuric chloride added. As soon as the surface was coated with mercury, 
it was washed rapidly with distilled water, and then carbon tetrachloride was 
poured in until all the water was displaced. The amalgamated metal was 
then transferred to the trial tube along with enough carbon tetrachloride to 
cover it, the tube was sealed to the apparatus, the carbon tetrachloride was 
boiled away by evacuating with the water-suction pump, and, after thorough 
rinsing with phosgene, a sample of liquid phosgene was introduced by dis- 
tillation, and the tube sealed off. 

Prepared in this way, solution proceeded rapidly, carbon monoxide was 
evolved, and soon only a droplet of mercury remained. Amalgamated copper 
and amalgamated zinc, on the other hand, were not attacked — their chlorides 
are insoluble. 

The effect of sunlight on the bright foil — not amalgamated — was startling; 
there was only slight surface corrosion of the zinc and copper, as was the case 
with potassium; but the aluminium reacted rapidly, showing lively effer- 
vescence due to evolution of carbon monoxide, which stopped when removed 
from the direct sunlight. As the reaction proceeded, the solution developed a 
yellowish brown color (due to iron as chloride), which affected the rate of 
reaction, so that after a time effervescence practically ceased; this effect 
seems to have been caused by the absorption of the active wavelengths by 
the colored solution. The thickness of liquid phosgene that had to be traversed 
by light in this experiment was about one fourth as great as in the experiment 
with potassium, which may account for the greater activity of the light in the 
present experiment. Iron present as impurity in the aluminium also reacted, 
yielding a yellowish brown solution, a darker deposit on the walls of the tube, 
and a dark brown residue. This residue, when heated carefully in the neighbor- 
hood of 200°, suddenly swells up, and yields a quantity of phosgene; when the 
temperature is raised still higher, the product fuses to the glass, and appears 
dark red by transmitted light , which seems to justify the conclusion that the 
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substance is anhydrous ferric chloride, which must have been present as a 
slightly soluble phosgenate. 

The formation of ferric chloride from iron and phosgene was unexpected, 
since the experiments of Del^pine and Ville^ on this subject were negative. 
Whether the presence of aluminium favored the reaction, or whether sunlight 
was a determining factor, has not been determined : nor has any study been 
made of the system ferric chloride — phosgene. 

Magnesium is inert towards liquid phosgene; chlorine dissolved in phos- 
gene does not attack magnesium; this is in harmony with the action of liquid 
chlorine on magnesium^. Since aluminium dissolves readily in liquid chlorine, 
it is not surprising that a solution of chlorine in liquid phosgene attacks 
aluminium so energetically that, unless the heat resulting from the reaction 
is withdrawn, the tube explodes violently. 

The great chemical activity of aluminium chloride as displayed in a great 
variety of ways in both organic and inorganic chemistry, suggested that the 
solution of it in phosgene might have unusual properties. The first experiment 
carried out in this direction showed that this was actually the case, and opened 
up a wide field for investigation. 

Metallic potassium, exposed to the action of a solution of aluminium chlor- 
ide in phosgene, immediately began to react; a gas was formed, and the metal 
was slowly corroded, fomiing an insoluble compound, which, in the light of 
another investigation carried out in this laboratory, appears to be the phos- 
genate of a slightly soluble double salt of potassium chloride with aluminium 
chloride^. 

I had hoped, before making the trial, that it might be possible to displace 
aluminium from the chloride by a metathetic reaction with potassium, since 
the reaction would be exothermic : 

3K-hAlCls — 3Ka+A] + i54 Cal. 

The heat of solution of aluminium chloride in phosgene has not been deter- 
mined, but the thermal effect is not great. The fact that potassium chloride 
is insoluble seemed to give the reaction formulated above plausibility. That 
metathetic reactions of this type may take place in non-aqueous solvents has 
been shown, for example, by Kraus^ and by Bergstrom*. It is true that am- 
monia resembles water in that it forms conducting solutions, while phosgene 
probably does not; but Kahlcnberg* found that zinc displaces hydrogen from 
a perfectly dry solution of hydrogen chloride in benzene, which conducts no 
better than pure benzene, he says. I can find no record of the dielectric 
constant of phosgene. Using Thwing’s formula which connects the dielectric 
constant with the chemical constitution^ 

* Bull. 27 , 288 (1920). 

* Gautier and Charpv: Corapt. rend., 113 , 597 (1891); Beckmann: Z. anorg. Chem., 
51 , 99 (1906). Cowper: J. Chem. ^c., 43 , 153 (1883). 

* Germann and Gagos: Science, 58 , 309 (1923). 

* J. Am. Chem. Soc., 44 , 1224 (1922). 

* Ibid., 45 , 2788 (1923). 

* J. Phys. Chem., 6, 5 (1902). 

’ Thwing: Z. physik. Chem., 14 , 286 (1894). 
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K"*— (aiKi+a2K2+a*Ks . . . .) 

M 

where D is the density of the substance, M its molecular weight, Ki, K2, K2 
etc., specific constants depending on the element or atomic group involved, 
and ai, a2, as the number of each occurring in the formula, the calculated 
dielectric constant varies according to whether we look at phosgene as a 
characteristic carbonyl compound, which gives a value of the same order of 
magnitude as the experimental value for acetyl chloride, or as a simple carbon 
compound, which would place it in the class with bensene. In the first case, 
the value is 24.1 at 15®, in the second case 3.6. There is no reason why the 
whole question should not be settled experimentally. 

Conclusion 

A review of the reactions of phosgene in the inorganic field indicates that 
phosgene is particularly reactive at temperatures where it is appreciably 
dissociated into chlorine and carbon monoxide. At lower temperatures 
phosgene reacts readily in many cases, especially where the reacting substance 
or a product of the reaction is soluble. Metals react more or less readily in 
the presence of aluminium chloride, depending on the solubility of the double 
salt of the chloride of the metal with aluminium chloride. Light does not 
decompose phosgene in glass containers, but it may act catalytically in pro- 
moting certain reactions with phosgene. 

This work was carried out in collaboration with the Chemical Warfare 
Service, with phosgene supplied from the Edgewood Arsenal. 

Stanford University, 

California. 



THE FREEZING POINT CURVE OF THE SYSTEM WATER- 

AMMONIA 

BY LOUIS D. ELLIOTT 


The existence of two crystalline hydrates of ammonia is indicated by the 
work, of Pickering,^ Smits and Postma,^ Rupert, ^ and Postma,^ upon the 
freezing point curve of the system water-ammonia. Postma, agreeing closely 
with the work of Rupert., found the hydrate aNHa .H2O to crystallize in very 
small needles melting at — 78 . 9° while the other hydrate, NH3 . H2O, was found 
to form much larger needles melting at —79.2®. From the form of their 
curves the hydrates are apparently largely dissociated in solution. Fried- 
richs® has recently questioned the existence of these hydrates suggesting that 
it may be a case of mixed crystals in continuous series. 

In connection with the writer^s investigation of the molecular lowering of 
the freezing point of liquid ammonia® it was thought worth while to continue 
the study of the solute water over as large a portion of the freezing point curve 
of the system water-ammonia as the adaptability of the apparatus would 
permit. Although the apparatus was not designed for this type of investiga- 
tion the procedure was such as to render possible a careful study of the forma- 
tion and appearance of crystals along the curve. Accordingly water was added 
to the freezing cell in increasing quantities and observations taken in the same 
manner as in the work ui)on the molecular lowering. After taking the freezing 
point temperature a lamp was held behind the cell so that the crystals could be 
critically examined. The freezing points obtained are tabulated below. 


Mol% 

Obs.F.P. 

Mol.% 

Ohs.F.F. 

Mol.% 

Obs.F.P. 

NHa 


NHa 


NHa 


100.0 

“-“ 77 - 73 ° 

80.6 

— 92 10® 

64.3 

- 79 - 39" 

99-4 

— 78. TI 

80 I 

- 94-33 

61 .0 

-83.12 

98.5 

- 78 . .S8 

80.0 

— 90.56 

60 0 

-85 03 

97-3 

-79.34 

79.7 

““90.20 

58.8 

-8547 

94-5 

— 81 .01 

79 I 

-88.80 

57.9 

— 87.25 

91 .0 

-83-45 

77.7 

-86.98 

57 .3 

-88.39 

89.9 

-84.13 

76.4 

-8554 

55.8 

-84-54 

86.6 

-87.0s 

75 0 

-83.56 

53-3 

— 80.93 

84.6 

-8937 

74.2 

— 82.05 

50.8 

-79.12 

83-5 

— 90.07 

70.4 

— 80.03 

00 

— 80.15 

81.8 

— 91 .86 

68.6 

-79.10 

37.0 

-97.0 

00 

0 

-92.83 

66.2 

-78.88 



Eleven of the first thirteen readings are those determined in 

connection with 


the previous investigation upon the freezing point constant. For the deter- 
mination of the freezing points of the solutions containing more than twenty 
five percent water the filling pipette previously used and described was re- 
placed by one containing 26,0 grams of ammonia. 

The results are shown graphically in the accompanying chart in which our 
results are plotted together with those of Postma for comparison. 

‘ J. Chetn. Soc., 63 , 141 (1895). 

*Z. anor^Chem., 71, 250 (1911)- 
» J. Am. Chem. Soc., 31, 866 (1909); ^2, 748 (1910). 

^Rec. trav. chim., 30 , 515 (1920)- 
* Z. anorg. Chem., 127 , 228 (1933)- 
•Elliott: J. Phys. Chem. 28 . 
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Ammonia crystals which separated out until the first eutectic was reached 
were flockdike in character without any distinguishable crystalline form. The 
crystals of HaO . NHs separating between the first and second eutectic were 
very distinct, comparatively large needles. There was no indication of the 
formation of mixed crystals at any time. The increasing viscosity notic|pd by 
previous investigators began to evince itself in the neighborhood of about 6o% 
ammonia. Hand stirring was resorted to at this point. Supercooling became 
much more marked, soon amounting to about ten degrees. Ciystallisation 
under those conditions being quite sudden caused the formation of such a large 
mass of crystals that their form could not be determined with surety. 



Fia. I 

Freezing Point Curve of the System Water-Ammonia 
In the last measurement recorded the viscosity was so great as to render 
elficient stirring impossible, the liquid resembling a semi-liquid glass. How- 
ever, in each case a definite crystallization took place with the usual rise in 
temperature to a maximum in the course of a few minutes. Friedrichs^ notes 
that in his work with these viscous solutions equilibrium failed to become 
established even after several hours. It was found in our investigation that a 
differential of about twenty-five degrees between solution and cooling bath was 
necessary to bring about crystallization and subsequent rise to the maximum 
with such viscous solutions at the low temperatures encountered in this region. 

Though not definitely determined, earlier investigators calculated the 
freezing point of the eutectic between NH3.H2O and HgO to be in the neigh- 
borhood of —120° while Postmans measurements place it at about —100.3®. 
Owing to the great viscosity encountered at this concentration no further 
measurements were attempted in the present investigation. The position on 
the curve of our last value of —97.0° seems to indicate that Postmans eutectic 
of —100.3® is much more nearly correct than the lower value. 

The eutectic between NHs and 2NH3 .H2O was determined experimentally. 
After taking the reading of the freezing point of the needle crystals formed with 
80.6 molecular percent ammonia the temperature was observed to fall until 
typical flocks of ammonia crystals also began to appear. After a slight super- 
cooling and subsequent rise the temperature remained constant at -*92.59®. 
This figure is in close agreement with Postmans corresponding figure of --92.5®. 
As a whole the results corroborate those of Postma and of Rupert in showing 
the existence of two crystalline hydrates of ammonia. 



DIELECTRIC CONSTANT OF GERMANIUM TETRACHLORIDE 


BY MARY E. LEAR 

The germanium tetrachloride used for measuring its dielectric constant 
was prepared from germanium dioxide. About eight grams of the oxide was 
reduced to the black powder form of germanium by a stream of hydrogen gas, 
washed and dried. A silica tube and silica boats were used to withstand the 
ternperatiu^ necessary for reduction. During the reduction, a slight black 
mirror formed in the cool portion of the tube. 

The metallic germanium left in the boats was treated with chlorine gas 
from a cylinder of liquid chlorine, after purified nitrogen gas had been passed 
through to remove all air from the apparatus. The reaction was quite evident 
from the light appearing over the boats and a mild glow of the metal. The 
germanium tetrachloride condensed in the first of a series of U-tubes inunersed 
in an ice-salt mixture. Nitrogen gas was passed through the apparatus at the 
end of the experiment to sweep out the excess chlorine. A \deld of about ten 
cubic centimeters was obtained from five grams of germanium. The method 
followed was in general that of Dennis and Hance'. 

The product was then distilled and its boiling point measured. Using a 
thermometer, graduated in tenths of degrees, the boiling point read 84.40 
degrees at a pressure of 735 mm. When corrected for pressure by Young’s 
modulus^ and for emergent stem by the method of Rimbach® using the table of 
Austin and Thwing^, the above reading becomes 86,30 degrees. 

For measuring the dielectric constant of the liquid, the apparatus of Drude 
as modified by Schmidt* was set up. Three condenser bulbs of varying 
capacities contained the liquids used in measurement. They were standard- 
ized with benzene, thiophene free, and acetone distilled over calcium chloride. 
The readings for the bulbs filled with air and with benzene gave two values of 
dielectric constants below that of germanium chloride and mixture of benzene 
and acetone, according to Drude®, gave three values above that of the chloride. 
Not less than five scale readings were made for each liquid. On plotting the 
scale readings against the dielectric constants, curves were obtained, from 
which the dielectric constant of germanium tetrachloride was determined 
directly. 

Residis 

011 1. Dielectric constant at 30 degrees , . . 2.60 

011 2. ” ” ”30 ” ... 2.60 

on 3. ’’ ... 2.7s 

‘ J. Am. Chem. Soc. 44 , 304 (1922). 

* Young: ‘‘Fractional Distillation/' 12. 14 (1903). 

•Z. Instrumcntcnk. 10. 153 (1890). 

^Austin and Thwing: “Physical Measurements/’ 156 (1895). 

* Schmidt; Ann. Physik. 9 , 919 (1902) 

•Drude: Ann. Physik. S. 336 (19C2). 
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The average value for the dielectric constant of germanium tetrachloride 
is 2.65 at 30 degrees Centigrade. Thus the dielectric constant for this com- 
pound lies between the values found for the tetrachlorides of silicon and tin, 
as predicted by Dr. Schlundt in his determinations of dielectric constants of 


inorganic solvents.^ 

Silicon tetrachloride D. C. at 17 degrees . . . .2.18 
Germanium tetrachloride D. C. at 30 degrees . . 2.65 
Stannic chloride D. C. at 22 degrees 3.2 


Germanium tetrachloride, having a low dielectric constant, would be ex- 
pected to follow the Nemst-Thomson rule and possess no ionizing power.* 

I wish to express my appreciation for the direction and assistance of Dr. 
Schlundt, under whose supervision the measurement was made. 

* J. Phys. Chem. 8, 130 (1904). 

*Z. physik. Chem. 13 , 531 (1894). 

Chemical Laboratories 

University of Missouri and lAndenwood ColUpe. 



SODIUM ALIZARATE AND ALUMINA 

BY F. S. WILLIAMSON 


It has been suggested by Liechti' that when hydrous aluminum oxide and 
sodium or ammonium alizarate are brought together, a true aluminum alizar- 
ate is formed. It is known that when hydrous chromic oxide or hydrous ferric 
oxide^ is mixed with sodium alizarate no true compound is formed, but that 
it is a case of adsorption. Due to the similarity between these substances and 
hydrous alumina, it seemed probable that an adsorption complex of hydrous 
aluminum oxide and sodium alizarate would result when hydrous alumina is 
mixed with sodium alizarate and not a definite compound, aluminum alizarate. 

The following experiments were conducted in order to establish the fact 
that the compound “aluminum alizarate’’ does not exist. If sodium alizarate 
reacts with hydrous aluminum oxide to form an aluminum alizarate, sodium 
hydroxide must be set free by the reaction. If it is a case of adsorption, the 
sodium alizarate will be taken up unchanged and there will V3e no sodium 
hydroxide found in the solution. 

The first experiment was performed to settle this point. A solution of 
aluminum acetate was prepared and the alumina precipitated from this 
solution l)v the addition of ammonium hydroxide. The precipitate was 
allowed to settle and was waslu'd thoroughly by decantation with distilled 
water. The alumina suspension wiis thc^n analyzed and found to contain 
o 5708 gram of AI2O3 per 25 cc. A sodium alizarate solution w^as then made 
up containing 2 .84 grams per liter. 

TwTiity-five cc of the alumina vsuspension were placed in each of five 1 50 
cc glass stoppered bottles. To each of these five portions was added a definite 
amount of sodium alizarate. The volume of the mixture in each bottle was 
made up to 50 cc and the bottles shaken in an automatic shaker for ten hours. 
The bottles wwe then removc'd from the shaker, the contents allow’ed to 
settle, and the sui)ernatan1 liquid tested for .sodium hydroxide. The quanti- 
ties of sodium alizarate used were so chosen that practically complete adsorp- 
tion of the* dye by the alumina occurred e\Tn at the highest concentration. 
The shaking w^as doni* at room temperature. 


No. 

cc. Alumina 

cc Sodium 
Alizarntc 

grs, .^odium 
Alizarate' 

I 

^5 

5 

0.0142 

2 

25 

10 

0.0284 

3 

25 

15 

C.0426 

4 

25 

20 

0 0568 

5 

25 

25 

0 

b 

0 


The tests showed that the supernatant liquid from each of the bottles 
contained no sodium hydroxide. The liquid gave no color with phenolphthalein 
and a neutral color with methyl orange, and required but one drop of N/io 

' J. 8oi^. Chem, Ind. 4 , 587 (1885); 5 , 523 (1886,!. 

2 Bull and Adams: J. Phys. Chem. 25 , 660 (1921 K 
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HCl to turn it acid. This proves that no sodium hydroxide is set free when 
sodium alizarate is adsorbed by alumina, but that it is taken up unchanged. 
This would indicate that it is a case of adsorption and that a definite com- 
pound is not formed. 

The effect of acid uijon the lake produced in the first experiment was now 
studied. To bottle niunber two, from the preceding experiment, small por- 
tions of N/20 acetic acid were added, the bottle and its contents being thor- 
oughly shaken after each addition. A similar procedure was carried out with 
bottle number four using N/10 hydrochloric acid. It was found that the 
addition of more than sufficient acid to react with the sodium alizarate present 
had no effect upon the lake formed. After a time some peptization occurred, 
but the color of the lake remained imchanged. When the hydrochloric acid 
was added before the sodium alizarate, no different result was obtained. 

However, when strong acid was added to the lake, the color was changed, 
varying from yellow to brown, depending upon the amount of acid used. This 
is probably due to the decomposition of the sodium alizarate by the acid with 
the formation of yellow alizarine. 

The action of aluminum chloride upon ammonium alizarate was next 
tried out. It was found that upon mixing aluminum chloride and ammonium 
alizarate alone very little of the aluminum chloride hydrolyzed to fomr alum- 
inum hydroxide. To overcome this difficulty enough sodium hydroxide was 
added to react with all the almninum chloride present, thus assuring the 
formation of enough aluminum hydroxide. Several mixtures were made up 
in which the amounts of AlaCl* and sodium hydroxide were kept constant 
and the amounts of ammonium alizarate steadily decreased. These mixtures 
were boiled for three hours using a retmii condenser. At the end of this time 
the precipitate was allowed to settle and the supernatant liquid decanted off. 
The precipitate was washed once by decantation and then dried carefully over 
a low ffame. 

The colors of the various precipitates obtained were compared and the 
colors of the liquid portions as well. It was found that as the amount of 
ammonium alizarate in the mixture was cut down, the color of Iwth the pre- 
cipitate and the supernatant liquid became lighter. 

The results of this experiment seem to prove that when sodium or am- 
monium alizarate is taken up bj' alumina, a definite compound is not formed 
but that the alumina adsorbs more alizarate as the amount of alizarate in the 
original mixture is increased. 


Summary 

Experimental evidence has been produced to show that an adsorption 
complex results when hydrous aluminum oxide and sodium or ammonium 
alizarate are mixed together, and that no definite aluminum alizarate is 
formed under these circumstances. 

Cornell University. 



NEW BOOKS 


Metallographie in Elementarer Darstellung. By Rudolf Ruer. Second edition. 
B3X16 cm; pp. x+ 347 . Leipzig: Leopold Voss^ 1922. Price: 10 shillings. Some eighteen 
years ago Professor Gustav Tammann, Director of the Institute of Physical Chemistry in 
G6ttingen, turned his attention to the study of metallic alloys. With the aid of numerous 
students he made a rapid survey of the constitutional diagrams of binary metallic systems. 
The methods used were comparatively rough but they were no doubt suitable for a prelim- 
inary survey of equilibria in metallic systems such as he had in mind. Two methods were 
principally used ( i ) thermal analysis and i 2 ) microscopic invest igation. By t hese means, the 
broad features of the diagrams were determined with fair accuracy but the methods, par- 
ticularly those of thermal analysis, were not sufficiently sensitive for dete rmining small heat 
clxanges. Accordingly, much of the work had to be repeated and has resulted in considtTable 
modifications of and additions to these early diagrams. 

In the interval, metallography has made great strides. To-day it rests on thre<> great 
sciences, chemistry, physics, an<l crystallography. So far as its chemical as|)ect is concerned, 
it may l>e regarded as a branch of inorganic chemistr>\ It has a very close* relation with 
several branches of physics. It is intimately bound up with crystallography since the prop- 
erties of metals, whatever their condition may lie, are the prop(‘rtie6 of the crystals of which 
they are composed. Moreover, during the last few years, the work of Lane, Hull, the two 
Braggs, Vegard, Debye, and Scherrer in the field of X-ray methods of investigation has 
op(*ned up fresh avenues of investigation in this field. Tammann’s ^‘Lehrbuch der Metallog- 
raphie'’ takes full cognizance of these* developments and is a most interesting and valuable 
work. Professor Tammann is an independent thinker and his book is chiefly an expression 
of his own views. It is, in many respects, unlike any otlier book dealing with the same sul>- 
ject. Most books deal at considerable length with the technique^ of microscopic metallog- 
raphy, the preparation of metal sections and their microscopic investigation, the taking of 
heating and cooling curv<‘H, the (*onstniction of equilibrium diagrams, and a discussion of 
many of their features in detail. The author has broken away from thi.s practice and has 
considered metallography from the standpoint of single, binar>’, ternary, and more compli- 
cated equilibrium systems. 

Pages I to 169 deal with various a8i>ects of ^‘Einstoffsysteme’’ eg. (1) the process of 
crystallisation in its broadest asjx^cts, (2) the change of projHjrties produced by changes of 
state and (3) the influence* of mechanical work on properties. This last constitutes one of 
the newest and most important chapters of the b(K)k and will probalily be found very inter- 
esting by English readers. In this country’ the work of Beilby on the hard and soft states 
of metals has profoundly influenced scientific opinion as to the changes m structure which 
correspond to the changes of properties observed. Beilby ’a view, however, that layers of 
amorphous material are produced at surfaces of slip by mechanical deformation has never 
been accepted by Tammann, who claims that there is no need for such a hypothesis, that 
the facts are inconsistent with it, and that they can be explained without supposing any 
destruction of the crystalline material to occur. Whatever may be thought of his handling 
of this subject, it should certainly be carefully studied, even though it may give English 
readers the impression that it does not sufficiently take into account the large number of 
facts brought within the purview of Beilby ‘s theory. The high degree of symmetry possessed 
by most metals — ^the majority of them crystallise in the regular system -is commented 
upon by Tammann who points out that nearly all the technically important metals possess 
the same crystal lattice, viz. the face-cientred cube. Iron at the ordinary temjM*rature is an 
important exception to this since below 9oo®C it has a body-c*entred cubic lattice. Only 
between 900® and 1400*0 has it the face*centred cubic lattice structun'. 

Binary systems occupy by far the greater part of the remainder of the book. Here 
again Professor Tammann’s treatment is his owm. We notice that, in giving his account of 
that most important of dia^frams, the iron -carbon equilibrium, he adheres to the hypothesia 
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of a double diagram, viz. the iron-graphite system (stable) and the iron-cementite system 
(metastable). On the whole, although there is still something to be said for this, the trend 
of opinion is decidedly against it. The great majority, if not all, of the facts can be explained 
on the single diagram, iron-cementite. There is no evidence that from pure iron carbon 
alloys graphite ever separates from the melt. Where its formation is observed it can be 
explained as being due to decomposition of the cementite which crystallises first. As Honda 
and Murakami have shown with some degree of probabiltiy decomposition of cementite 
takes place very easily in the presence of oxides of carbon. If pains are taken to ensure 
their absence the carbide appears to be much more stable. We gather that Taxnmann re- 
gards the to a change in iron as a phase change. This also is against the general trend of 
scientific opinion. The change of properties is most probably due to the rapid increase in 
ferro-magnetism at this temperature and this is not a phase change. X-ray analysis has 
confirmed the view already held that between jS and a iron no difference in crystal struc- 
ture exists. The iron nickel diagram given on page 290 does not represent by any means the 
latest work on this equilibrium and should certainly bo brought up to date. The copper- 
zinc equilibrium given on page 299 completely ignores the inversion at 470 ®C found in the 

constituent by Carpenter and Edwards thirteen years ago. 

A brief discussion of crystallisation and equilibria in ternary and quaternary systems 
and phase rule completes the volume. 

H. C. H. Carpmier 

Couleur et Constitution chimique. By J. Martinet, with the collaboration of Mile, P. 
Alexandre. Collection LangeHn-Perrin- Urhain. pp. S£8. Paris: O. Doin, 1924. Price: 
25 francs. 

This latest work on the connection between colour and constitution is written from the 
point of view of the organic chemist and, as such, deserves the highest praises The ultimate 
physical cause of selective absorption is referred to only briefly, the author holding the view 
that discussion of this question belongs more to the province of the physicist than of the 
chemist. “Reconnattre si un corps dtait eolor4 ou non, pr^voir dans une certaine mesure 
la longueur d’onde des radiations absorb^ par simple examen de la structure chimique, 
tel ^tait notre but”. 

A short introduction deids with definitions, causes of colour and such matters as un- 
saturation and conjugated double linkages. The importance of the latter in the stnu^ture 
of coloured compounds is very noticeable when one turns to the following chapter on col- 
oured hydrocarbons. Whether hydrocarbons could exhibit colour was a debatable point 
thirty years ago. Now, however, a large number are known and the author draw’s particular 
attention to the isomerism of the colourleas xylenes and the orange dimethylfulvene. Not 
only does conjugation of double linkages play an important part in shifting absorption to 
the visible portion of the spectrum, but also ring building. This is very plainly shown in a 
comparison of colourless diphenylbutadiene with yeUow' benzylidene-indene and of slightly 
yellow diphenylhexatricne with red cinnamylidene-indene. 

The method of arranging material for a work such as that under consideration, is not 
easy and the choice has been made to consider chromophores, auxochromes and their mutual 
relationships in Chapters II, 111 and IV respectively. This division of subject matter may 
appear somewhat antiquated but this cannot be said of the way in which the material is 
handled; moreover, one is continually reminded of the almost constant association of colour 
with conjugated double linkages. 

In dealing with salt formation and colour change, meriquinonoid compounds, organo- 
metallic complex formation, chromoisomcrism, thermotropism and phototropism, accounts 
are given which well represent the views of the authors with whose names these subjects 
are usually associated. In fact, the references to literature throughout the work testify to 
the extraordinary pains taken in collecting data respecting the constitution of coloured 
compounds. 

At the same time, English chemical literature has not been as thoroughly ransacked as it 
might have been. One misses the work of A. G. Green and A. G. Perkin on the phthaleins, 
and G. T. Morgan is not mentioned in connection writh coloured organo-metallic complexes. 
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The method of calculating the position of absorption bands due to J. Moir and the work of 
J. E. Purvis on the spectra of vapours of organic compounds have also escaped notice. 

The chapters on chromophores and auxochromes in relation to physical and chemical 
properties as well as the conclusion are full of interest. 

The book finishes with a table of contents; it is unfortunate that there is no index. 
Despite this shortcoming, the work is to be heartily recommended as giving an up-to-date 
account of the relationship l>etween constitution and colour in a clear, readable and impar- 
tial manner. 

J. T. Hewitt 

Practical Physical Chemistry. By Alexamier Findlay, Fourth edition. 2^X16 cm: 
pp. xH-\‘298. New York and London: JjmigmanSy Green and Co., 1923. Price: $2.25. 
^‘Sections have lieen added which deal with the new ebullioscopic method introduced by 
Cottrell, with the Abl)e refractometer, and with the Hilger wave-length 8f)ectrometer 
(constant deviation type). In the chapter on electromotive force, also, I have inserted 
sections dealing with oxidation and reduction ])otcntialB, and with the methods of electro- 
metric analysis, including the determination of hydrogen ion concentrations which are com- 
ing increasingly into use and ought to lie more widelj^ known. In view, also of the impor- 
tiince of colloids in pure as well as in applied science, a chapter dealing with some of the more 
important proj^erties associated with the colloidal state has been added. An exhaustive 
treatment of the very wide and important field of colloid chemistry^ could not, of course, be 
attempted here, but it is hoi)ed that the experiments described will serve as a suitable intro- 
duction to practical work in colloid chemistry, or wdll, in any case, have the effect of directing 
the students' attention to this branch of chernistiy’." 

The chapter on colloids includes: the preparation of colloidal ferric hydroxide and 
arsenious sulphide sols; cataphoresis; mutual precipitation of colloids; precipitation of 
suspensoid colloids by electrolytes; prote<*tive action of emulsoids; adsorption; the adsorp- 
tion isotherm. 

Wilder D. Bancroft 

Die Methoden der organischen Chemie. By J . Houhen. Vol. If. Seccmd edition. 28 X 18 
cm; pp. xxim-^ll 15. Leipzig: Georg Thieme, 1922. Price: Paper, $7.20, hound, $8.00. 
The subject matter is present<*d under the headings: oxidation and reduction l)y R. Stoer- 
mor; catalysis by H, Meerwein. condensation by R. Kempf: double and triple bonds by R. 
kStoerrner; preparation and us^' of the most important enzymes by J. Meisenheimer: de- 
composition of optically inactive substanc€*.s into their active components by H. Scheibler; 
electrochemical methods by K. Anidt; electro-o.smotic methods by P. H. Prausnitz; re- 
actions under high pressure by K. II, Meyer; photochemist ly' by J. Houben. 

The book contain.s a wealth of informati<»n and nobody could fail to find in it much that 
was both new' and interesting to him. A few of the points that happened to appeal to the 
reviewer are: the oxidation of toluene to benzoic acid with cliromyl chloride, p. 6; the 
formation of peracetic acid, p. 29; the oxidation of glucose with hyjKi-iodite, p. 33; Fenton's 
oxidations wdth hydrogen i>eroxide and ferrous sulphate; the behavior of gum arabic as a 
protcicting colloid, 271; aluminum amalgam as a substitute for the Gladstone and Tribe 
zinc-copper couple, p. 295; nascent hydrogen from formic acid, p. 418; the effect of mangan- 
ese salts on the oxidation of aldehyde, p. 422; the oxidation of glucose in presence of cerium 
hydroxide, p. 423; silver peroxynitrate as a <‘arrier, p. 425; the action of piperidin on tauto- 
meric forms, p. 473; induced reactions, p. 917; the tungsten mercury lamp, p. 929; the 
ionization of anthracene by light, p. 957 ; the action of blue light on hydriodic acid, p. 964; 
the conversion of acetone to methane or ethane, p. 970; the polymerization of acetylene, p. 
1023; the production of indigo from indican, p. 1040. 

One could extend this list indefinitely but these instances will suffice to show the extra- 
ordinary value of the book for reference purfioses. The tabular statements of the properties 
of oxidizing agent*, etc. on pp. 1 77, 373, 737, will be found extremely helpful. It is a pleasure 
to note that there will be at least two more volumes. 


Wilder D. Bancroft 
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Lehrbttch der Physik. By Bernhard Desaau, Vd. 1, HX17 cm, viii+$67, Leipeig: 
Johann A, Barthy 19IS$, This hrst volume deals with mechauios, acouetios^ and heat. The 
book is intended to come between the short text-books and the biilky hand-books. The 
purpose is to give a scientihc presentation in such a form that it will call attention to the 
unsolved problems and thus to stimulate the reader to do his own thinking and to study the 
original literature. The reviewer got this statement out of the preface and it seems not to 
have gone any farther. 

There are a number of places where the author is dealing with problems of physical and 
colloid chemistry and, as is only natural, those are obviously the weak spots. No (me would 
ever guess, p. 279, that all the careful measurements had shown the non-existence of a con- 
tact angle when a liquid wets a solid. A semipermeable membrane, p. 292, is distinctly not 
necessarily a limiting case of an ultra-filtration membrane with very small pores. It seems 
like going pretty far back to give de Saussure's data on the adsorption of gases by charcoal, 
p. 342. In view of what we know about the squirting metals, it does not seem certain that 
the fiow of a glacier, p. 542, is entirely a question of ice melting under pressure. Under dilute 
solutions, p. 600, the author deduces the Raoult formula and not the van’t Hoff formula. 
There is also no suggestion as to such sources of error as the volume occupied by the solute 
or the heat of dilution. The phase rule is given four pages of fine print; but the author 
makes the extraordinary statement, p. 606, that at each temperature an absolutely definite 
percentage of calcium carbonate decomposes into lime and carbon dioxide. The reviewer 
had supposed that the amount of decomposition varied with the ratio of the vapor phase to 
the solid phases. It is the pressure and not the percentage decomposition which has a 
single value for each temperature. 

Wilder D. Bancroft 

Lehrbuch der Metallographie. By Gustav Tammann, Third edition. 26x16 cm; pp. 
xviii-\‘460. Leipzig: Leopold Voss^ 1923. Price: 14 shillings y six pence. This volume is 
by Dr. Rudolph Ruer, a pupil of Professor Tammann. The first edition of his book ap- 
peared in 1907. The present edition (the second) was published in 1922. The scoijc of the 
work is altogether much more restricted than that by Professor Tammann.. Almost the 
whole of the book is concerned with equilibria in binary metallic systems. The author has 
founded his treatment on the classification of equilibria in heterogeneous systems introduced 
by Roozeboom. The general treatment of this subject occupies nearly 200 pages and is on 
perfectly orthodox lines. The author then considers a numlxjr of typical binary systems 
including of course that of iron-carbon. In this he follows Tammann in adopting the hypoth- 
esis of a stable and meta-stable system of equilibrium. What has been already said above 
applies therefore equally to Professor Ruer’s treatment of this subject. He has a section 
entitled ^‘Experimcnteller Nachweis der Existenz zweier verschiedener Eisen — Kohlen- 
stoffsysteme’^ but we have not found this in any way convincing. He gives 1152^0 as the 
equilibrium temperature for the austenite-graphite eutectic and i I45®C for the austenite- 
cementite eutectic. Whether these are real differences or whether they are due to supercool- 
ing effects cannot be definitely said. At all events the former hypothesis cannot be regarded 
as established. Professor Ruer gives in conclusion a very brief treatment of three-component 
systems and practical aspects of the thermal and microscopical investigations of alloys. 

H. C. H. Carpenter 
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BY HUGH S. TAYLOR 

The following report aims to present a summary of recent investigations 
which seem to advance our understanding of the nature of contact catalysis, 
its mechanism and general technique. It is not an exhaustive summary of the 
catalytic researches carried out in the prc^ceding year. The grouping of the 
researches has been made with regard to their bearing on specific points of 
interest which it is desired to emphasize, not necessarily on a similarity of 
reaction. 

Wall Reactions 

The S(X)i)e of the subject under investigation is extending continuously. 
Considerable attention is now being paid, not only to catalysts deliberately 
inseiled into a reaction system, but also to the acceleration of reactions by the 
walls of the containing vessel. The work of Hinshelwood, Hartley, and co- 
workers, mentioned in the previous report with respect to the decomposition 
of formic acid on glass surfaces and on silver and platiniun has l)een extended 
to include diffcTent ghisses and other metals. The tyj>e of reaction has been 
varied to include other typical decompositions of gases including hydrogen 
ix^roxide, chlorine monoxide, sul{)huryl chloride, and phosphine. 

One outstanding conclusion from this work is to emphasise anew tlmt true 
unimolecular reactions are, as yet, conspicuous by their absence. All of the 
known eases which have beeui presupposed unimolecular, have proved to be 
either wall reactions or reactions occurring on collision. It is therefore evident 
that we do not yet ne(*d, for any known reaction, the concept of radiation tu 
give an explanation of the occurrence of unimolecular reactions. 

Bimolecular reactions between gases, likewis(\ an* being shown to be wall 
reactions. The two notabh* cast's investigated ret^ently are t-ht* combination 
of ethylene and bromine and the combination of nitric oxide and oxygen, 
reactions hitheHo generall}" regarded as gaseous n^actions, now shown to bo 
tremendously sensitivT to the nature of the vessel in which they are contained. 
It must also be Ix^me in mind that, even when w’all effects arc demonstrably 
small, the gas reaction may still be a catalysed reaction. The effect of winter 
vapour on the combination of hydrogen and oxygen, and of carlx>n monoxide 
and oxygen shows that these reactions are not simple collision reactions but 
that water is a contact catalyst, moleeularly dispersed, or, if you will, fomis 
intermediate compounds. The insensitivity of dried gases to reaction seems 
to demonstrate that it is not the energy of collision which brings about inter- 

‘ R^ort of the Committee on Contact Catalysis of the Division of Chemistry and 
Chemical Technology of the National Research Council. Written by Hugh S. Taylor, 
assisted by the other members of the Committee: Messrs. H. Adkins, W. C. Bray, O. W. 
Brown, R. F. Chambers, C. G. Fink, J. C. Fraser, E. E. Reid, and W. D. Bancroft, Chair- 
man. 
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action, since small quantities of water vapor cannot alter this magnitude. 
The water vapor molecules, highly polar, must behave in the same manner as 
do contact catalysts in activating the several molecular species. This point 
has been raised in a slightly different form by Hinshelwood. It is also dis- 
cussed by Norrish in some extracts given below. 

Hinshelwood and Prichard^ have studied fche thermal decomposition of 
hydrogen peroxide, and of sulphuryl chloride in the gaseous state, and the 
thermal decomposition of chlorine monoxide. Diazoacetic ester was also 
examined, but found to be unsuitable for quantitative measurements, as 
tarry deposits were formed. The decomposition of chlorine monoxide proved 
to be homogeneous, whilst the hydrogen peroxide reaction and the sulphuryl 
chloride reaction were found to be typical heterogeneous reactions. 

Concerning such heterogeneous reactions the authors write: *‘When a 
molecule is adsorbed by a surface, the forces between it and the molecules 
constituting the surface modify the internal forces in a way which is at present 
quite incalculable and must be entirely specific. Generally speaking, it must 
be expected that the stability would be increased as often as it is decreased. 
Yet, the accumulation of observations showing that almost any gas reaction 
takes place more readily on a given surface such as glass than in the homo- 
geneous phase, raises the question whether the operation of some general cause 
is not superimposed on the various specific influences. In the case of combina- 
tions in which two or more molecules are involved, the encounter of two tj^pes 
is obviously facilitated by the more or less prolonged sojourn of one of them 
on the surface, but this factor is inoperative in the case of the simple unimolee- 
ular decompositions. It seems relevant, therefore, to a.sk whether one univer- 
sal factor may not be simply the second law' of motion. Consider a molecule 
composed of two parts, A and B, the disruption of which constitutes the de- 
composition of the molecule. Let B receive an impact from another molecule 
which imparts to it momentum directed aw'ay from A. The small inertia of 
A, however, enables it to follow B, without the development of much strain 
between the two. If, however, A were firmly enough held to a surface, its 
inertia might be so great that the accelerating force, instead of drawing A 
after B, would cause the disruption of the ‘‘bond” between them. The re- 
luctance of homogeneous gas reactions to proceed might thus l)e due to the 
small inertia of the different parts of the molecules rendering disruption by 
collision very improbable. This is only suggested as one of several possibili- 
ties. That it is a mechanical picture, whilst we now believe “activation” to 
consist in the passage of an electron to an orbit of higher quantum number, 
is not a relevant criticism, since the results of work on the collision of electrons 
with gas molecules show that a definite correlation exists between quasi- 
mechanical and quantum processes. 

“The thermal decomposition of chlorine monoxide proved to be a homo- 
geneous reaction uninfluenced by the glass walls of the containing vessel. 
The velocity of reaction increases as the change proceeds. This is not due 
to autocatalysis, since oxygen and chlorine have no influence on the rate of 

* J. Ohem. Soc., 128, 2725, 2730 (1923). 
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decomposition, but is attributed to the occurrence of the change in consecutive 
stages. The rate of reaction at 131.3° is inversely proportional to the initial 
pressure of the chlorine monoxide, and the influence of pressure appears to 
opierate uniformly throughout the course of the change at this temperature. 
Hence the decomposition dejiends on a collision effect and is not a spontaneous 
uniinolecular process. 

*^The influence of temperature on the reaction is such that the time re- 
quired for the change to proceed from 40 per cent, to 80 per cent, is increased 
2.03 times for every 10° decrease in temperature between 131.3° and 110.7°. 
From the influence of temp(^rature and from the he^at of reaction it is shown 
that explosion waves should be readily propagated in the gas.’' 

Norrish^ seeks to formulate the Arrhenius concept of active and passive 
molecules in terms of catalytic activation by either homogeneous or hetero- 
geneous catalysts. Among the former, water vapor is important in gas reac- 
tions. The walls of the containing vessel are included in the latter. 

*‘Even the most reactive* substances become inert, upon complete desicca- 
tion, and will then regain completely their lost activity V^y the addition of a 
trace of some j>olar substance. In other words, all chemical reactions appear 
to be catalytic in nature, h^xcept in the case of a few' truly thermal decompo- 
sitions of solids or litpiids such as potivssium chlorate, silver oxide, and lead 
acetate, the formation of ozone by the electric discharge, and possibly some 
uniinolecular photochemical decompositions, this loss of reactivity on desicca- 
tion w'ould apiK*ar to be a general rule of chemit^al reactivity, and, if accepted 
as such, it necessitates a re\nsion of our \iew's of activation; the resting form 
of a molecul(* must be a far more inert substance then hitherto supposed, and 
require the association of some jK>lar molecule l)efore activation can take 
place. When we remember that the main cliaracteristic of a {Xilar molecule 
is its stixmg unbalanced field of force, it app<*ars very probable tliat its function 
as a catalj^st is to w^eaken, by close association, the intramolecular forces of the 
resting molecule, and to r(*nder it more easily disintegrable. 

“We may thus consider those molecules which have formed a close associa- 
tion with molecules of the catalyst to lx*, at any rate, partly activated, inas- 
much iis they alone are capable of any further chemical action. Whether 
this is the complete stage or only a preliminary' stage of activation it is not 
proposed to consider here, but there would appear to be no difficulty in the 
explanation of all the phenomena of chemical reactivity by the kinetic theory 
coupled with this view of activation alone, and without recourse to other 
hypotheses, as, for example, the “radiation theory.” 

“The catalyiic effect of traces of polar substanc(*s on gaseous reactions is 
only one manifestation of a much more general phenomenon, and it may he 
said, that whenever any strong, local, disturbing force can be applied to a 
molecule, so as to distort its stable configuration, that molecule becomes more 
vulnerable to attack. Thus, the very numerous class of reactions which take 
platx* in solution probably owe their existence to the action of the solvent, 
which exerts a weakening effect on the internal molecular forces of the solute. 


J. Chem. Soc., 123 , 3006 (1923). 



900 


HUGH B, TAYLOR 


that may result, in extreme cases, in complete ionisation. Again, the phenom* 
ena of surface catalysis, and surface reactions, are manifestations of the same 
nature, and owe their existence to the high electrical fields of force which must 
exist unbalanced at the surfaces of most solids and liquids, and result in the 
adsorption and weakening of the structure of the reactant molecules. 

may thus regard molecular activation as occasioned by a definite 
change of configuration or distortion of the molecule, brought about by close 
association with some polar catalyst. Such a change of configuration must 
take place with the absorption of energy, and thus the activated molecules, 
will be in a more highly energised state than the resting molecules. 

‘These views are in harmony with those developed by Lowry in his work 
on the electronic theory of valency. In a comparative study of the reactions 
of unsaturated organic comix)imds, he has drawn the conclusion that sub- 
stances containing the double bond usually react as if one of the bonds were a 
covalence and the other an electrovalence. On this basis, the formation of 
ethylene dichloride from ethylene and chlorine involves an imsyrnmetrical 
instead of a symmetrical process of activation thus: CH2 = CH2 and Cl — Cl 

+ - 4 - - 

give CH2—CH2 and Cl Cl as an intermediate stage, rather than — CH2—CH2— 
and 2CI— . The chlorine is here represented as Vjeing broken into two ions in 
stead of two neutral atoms, in the disruption which must precede or accom- 
pany its attachment to the ethylene. The unsymmetrical rupture or oi>ening 
out of the double bond of the ethylene gives rise to an analogous process of 
intramolecular ionisation, since the two charged atoms are not free but 
bound. The final interaction between the two activated molecules is then re- 
duced to a ^lere neutralisation of opposite ions. It diffei-s from the union of 

Ag with Cl mainly in that the ions yield covalent bonds on neutralisation in- 
stead of undissociated ionic pairs. The analogy between the development of 
an electrovalence on the one hand and the process of activation on the other 
is so complete as to suggest that the two phenomena are identical. 

“The view set forth al>ove, that molecular activation is a catal^iic process 
of a polar character, is susceptible of direct experimental testing in the ca«e 
of the gaseous reaction of ethylene and bromine, which has be(?n investigated 
by Stewart, and Edlimd.^ Those two authors have shown that (i) ethylene 
and bromine at 0°, when dry, do not react together in the gaseoi^ phase, but 
only on the glass walls of the container, and (2) there is no indication of a pre- 
liminary gaseous reaction such as might be expected if a few of the ethylene 
and bromine molecules were already activated in the gaseous phase. 

“So far, these experiments are completely in accord with the hypothesis 
that activation of the ethylene molecule is due to polarisation induced in the 
ethylene molecule by association with some polar catalyst ; but they are also 
capable of being explained on a merely physical basis, for example, by adsorp- 
tion of the two gases on the surface of the glass, without reference to the chem- 
cal character of that surface. 

* J. Am. Chem. Soc., 45 , 1014 (1923). 
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is, however, evident that if dry ethylene and bromine could be en- 
closed in a vessel with completely non-polar walls, it might be possible, if the 
above hypothc^sis of polar activation is correct, to retard the reaction verv 
greatly, or (»ven to suppress it altogether, although it is by no means certain 
that in all cases such a suppression could Ixi looked for. 

^^The results which are contained in the experimental section of the paper 
must be taken as strong confirmatory evidence in favor of this hypothesis. 
It, has, for instance, been found that on enclosing the dry gases by a vessel 
the interior of which is coated with .stearic acid, the reaction proceeds even 
more quickly than whem the glass walls are pare, whilst, when paraffin wax 
is substituted for stearic acid, th(j reaction bractically ceases to take place. 
Now the work of Hardy Harkins- and Langmuir* has led us to regard the 
former of these two substances as a particularly polsir molecule, whilst the 
paraffins constitute pi-obably the best approach to a completely non-polar 
substance. Thus, in spiti* of their great physi(‘.al similarity, a stt^aric acid sur- 
fa(;e brings alK)Ut the combination of bromine and ethylene, whilst a paraffin 
w'ax surface doi^s not, and this difference in their behavior can only be at- 
tributed to differ(U)C(‘ of |K)larity in the surfa(*es of the two substances occa- 
sioned by th(‘ marked clK^mii'al differences between their molecules. 

“The imi)ortan<*e of the exfK*rim(»utal results recorded in this pajx^r is 
considered to lie in th(» fact that they provide evidence of a new character in 
favour of the theory that molecular activation is not only of a catalvlic 
character, but consists in an indu(‘ed polarisation of the reactant molecules 
by association with some polar catalyst, either in the gaseous, surface, or 
liquid phase. They also confirm Lowry’s deduction tliat molecules of un- 
saturated (‘om{)ounds may exist lx>th in a non-polar “resting form“ and in a 
[X)Iar reactive* form, and further show that the conversion of the former into 
the latter may lx* brought about by a polar catalyst. This phenomenon is 
probably purely electrical in character, consisting simply in the pi-oduetion 
of an elect rc valence from a covalence by a displacement of one of the electrons 
constituting the double bond, under the action of the cle(?trical fi(dd of the 
catalyst. 

Hideal writ(*s that “the rate of the ethvlenc^bromine reaction can be used 
to test the polarity of (’crtain varnishes ased in the industries and that the 
results obtained parallel the results of surface tension measurements.” It is 
quite possible that phosphorus tricdiloride and chlorine would display little 
tendency to react if a suitable container for the two gases were foiuid. In 
such a container it would then be possible to determine the density of phos- 
phorus pentachloridc without dissociation occurring. The classical example 
of a bimolecular gas reaction, the hydrogen-iodine combinaticjn studied by 
Bodenstein, cannot be entirely free from the suspicion of catal.\iic influences. 
Calculations which purport to express the velocity with w'hich such a reaction 
occurs, in terms of collision frequencies and critical energy increments would 

^Fourth Brit. Asso. Rep. on Colloid Chemistry, 185, (1922); also Proc. Roy Soc, 
86A, 610 (1922). 

» J, Am. Chem. Soc., 39 , 354, 541 (1917 ) 

*Met. Chem. Eng., 15 , 468 {1916); J. Am. Chem. Soc., 39 , 1848 (1917). 
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necessarily need revision in case such catalytic influences were found. That 
the critic^ energy increment which a reaction requires is determined largely 
by such catalytic influences is very evident from recent work on the photo- 
chemical combination of hydrogen and chlorine. Tramm^ has shown that 
visible light will not cause the combination of hydrogen and chlorine when the 
gases are thoroughly dried. But, gaseous mixtures, insensitive to visible 
light, can be combined with the aid of the larger energy quanta available with 
ultra-violet light ; Coehn and Jung^ have shown that thoroughly dried hydro- 
gen and chlorine will combine when exposed to light whose wave-lengths are 
less than 2540 A. 

Hinshelwood and Hartley* have continued their work on formic acid 
decomposition at glass surfaces. Duroglass gave a much higher percentage 
of carbon dioxide and hydrogen as compared with carbon monoxide and water, 
than the earlier glass used. Nevertheless it was shown that the temperature 
coefficient of the carbon dioxide reaction is again with Duroglass markedly 
higher than the carbon monoxide reaction. The authors calculate the re- 
spective “heats of activation^^^ as 12000 cals., and Ero2~ 24500 cals., 

as compared with 16000 and 28000 calories respectively in the earlier work. 
Carbon monoxide is shown to have no retarding influence on the progress of 
the reaction at glass surfaces. Water vapor apparently accelerates the carbon 
dioxide reaction. This may account in part for an observed increase of carbon 
dioxide percentage with progress of the reaction, a fact, originally due to Ber- 
thelot. To the reviewer this action of water vapor seems to indicate that the 
glass surface contains centres of activity which promote either the carbon 
monoxide reaction or the carbon dioxide reaction, but not both. 

Hinshelwood and Topley* have extended the measurements of Tingey and 
Hinshelwood on the temperature coefficient of formic acid decomposition. 
To glass, platinum and silver as catalysts, rhodium, gold and palladium for 
the carbon dioxide decomposition and titanium dioxide for the carbon monox- 
ide decomposition have been added. In this latter case, which yields almost 
exclusively carbon monoxide, the value of E^o is 29500 cals., whereas, with 
glass, Eco is 12000-16000 cals. A low value for the energy of activation of 
formic acid to yield carbon monoxide and water is not an inherent pmperty 
of the formic acid molecule, but is determined in part by the surface accelerat- 
ing the change. This is further evidence of the composite nature of the 
temperature coefficient of heterogeneous reaction velocities as emphasized by 
Pease. (See later section). 

For the carbon dioxide reaction the values of Eco, vary tetween 22000 and 
31000 for glass, gold, silver, platinum and rhodium. There is no relation 
between these values and that of surface activity, which increases in the given 
series from 0.05 to 500 in the order named, platinum being set equal to 100. 

^ Z. physik. Chem., 105, 356 (1923). 

2Ber., 56 , 696 (1923) 

« J. Chem. Soc., 123, 1333 (1923). 

^ Calculated from the temperature coefficient of reaction velocity by means of the 
equation d log k/dt«E/RT*. 

^ J. Chem. Soc., 123, 1014 (1923). 
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Palladium is abnormal showing wide variations in activity and temperature 
coefficient according as it is free from or contains occluded hydrogen. The 
latter decreases markedly the acti\’ity. Assuming the Langmuir mono- 
molecular layer theory and no differences in ^phase^ of the formic acid molecule 
or of modes of adsorption of the molecule, the authors calculated the fractions 
of the several surfaces covered at 200° and 2 atmospheres pressure. The 
fractions vary from for silver and rhodium to 5 X 10”® for glass. Evidence 
will be given later to show that this may represent that portion of the surface 
which is capable of catalysing the change under discussion. 

CataljTtic Hydrogenation 

On the basis of experimental work hy Cantels, Boswedh has sought to 
interpret the mechanism of catalytic hydrogenation by nickel, taking account 
of the role played by oxygen in such hydrogenations as first emphasized by 
Willstilttcr. The ex|ierimental data hul Boswell to the following concept of 
the mechanism. 

‘^Nickel oxide [)artially r(‘duced at a low temperature consists of particles 
of ni(^kel oxide surround(*d )>y nud allic nickel carrying positive hydrogens and 
negative* hydroxyls alternately arranged on the surface in several layers; 
thus, with only oih* layer of hydi-ogtm and hydroxyls represented — 
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3 A very slow reaction 
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“Reaction (i) represents the main reaction which occurs. It expresses 
the mechanism of hydrogenation by an active nickel catalyser. 


* Proc. Hoy. Soc., Canada, 16 , Series III (1922). 
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^‘Reaction {2) represents the slow removal of negative hydroxyls from 
the suiface of the catalyzer and the adsorption of hydrogen constantly taking 
place. 

“Reaction (3) represents the slow reaction of this adsorbed hydrogen with 
the unchanged nickel oxide in the interior of the particles. 

“A fourth reaction also occurs, involving the addition of positive and 
negative hydrogens from neutral hydrogen molecules to the complex on 
the right hand side or reaction (i), to form the complex on the left hand side 
of reaction (3). This fourth reaction represents the mechanism of hydrogen 
adsorption. 

“Equations (2) and (3) also represent the reactions which occur on con- 
tinued reduction of nickel oxide by hydrogen. This continues until all the 
nickel oxide in the interior of the particles has been reduced and until finally 
all the hydroxyls on the surface have been removed and only adsorbed hydro- 
gen, as positive hydrogens and negative hydrogens, remains. Thus the hydro- 
gen which is taken up in excess of the equivalent of water formed is held on the 
surface in two ways: (i) as positive hydrogens and negative hydroxyls, and 
negative hydroxyls, and (2) as positive hj^drogens and negative hydrogens. 

“Evidently the water represented in these equations is not all evolved for 
if such were the case the eatalyser would soon lose all its oxygen and, as will 
shortly be pointed out, lose almost entirely its capacity for catalysing hydit)- 
genations. Tliis water is only evolved in the free state in relatively small 
amoimt, the chief part remaining on the particles as hydrogens and hydroxyls. 
This is equivalent to saying that in reaction (i) a negative hydroxyl on the 
surface of the eatalyser Ixas a tendency to unite with a positive hydrogen of a 
neutral hydrogen molecule, thus loosening the bond between the positive and 
negative hydrogens of the hydrogen molecule sufficiently to permit the positive 
and negative hydrogens of the hydrogen molecule to unite with a molecule of 
ethylene. That is, the hydrogenation is pictured as occurring at the surface 
of the particles by means of oscillating hydrogen atoms which are at one in- 
stant more closely associated with the hydroxyls and hydrogens on the surface 
of the particles and at the next instant more closely associated with each 
other in hydrogen molecules. A small portion of the impacts of |X)sitive hydro- 
gen of gas mole(;ules and negative hydroxyls on the surface result in the perma- 
nent formation of molecules of water which are evolved as such. 

“Reaction (2) represents a reaction very slow in comparison with reaction 
(i) and which is constantly taking place during the hydrogenation. Negative 
hydroxyls on the surface are constantly and very slowly being removed and 
hydrogen l>eing adsorbed. 

“Reaction (3) represents the reaction of this adsorbed hydrogen with 
unchanged nickel oxide in the interior of the particle. Here also the water 
represented is not all evolved in the free state but partJy goes to reform hydro- 
gen and hydroxyls on the surface. 



THIRD REPORT OF THE COMMITTEE ON CONTACT CATALYSIS 


905 


‘Tinally, after long use the oxygen remaining on the catalyser either as 
negative hydroxyls or unchanged nickel oxide in the interior becomes very 
small and nothing remains finally but nickel particles with adsorl)ed hydrogen 
thus — 


Ni 


H" 

H"" 


Nickel in this condition is a very poor catalyst for hydrogenations. The 
activity of the catalyst is associated with its oxygen content and its activity 
can be restored by reoxidation and partial reducjtion. 

“It follows from th(' fiXfXTimental data that the absorption capacity of 
nickel for hydrogen deixuids on the method of preparation. If prepared from 
oxide by reduction with hydrogen at temperatures below' 275°, it would prob- 
abty require many niontlLs to remove completely all the oxygen. And as we 
have seen, the capacity of a nickel catalyst to hold hydrogen depends largely 
on its oxygen content. By continuous reduction at 275° for only ten houm, a 
condition is reached where the water evolved in half an hour is relatively very 
small. Should this taken as an indication of the attainment of complete 
reduction an utterly (‘rroneous r(»siilt would b(‘ obtained for the hydrogen 
adsoi7)tion capacity of nicked, for the <»atalyst would still contain a large per- 
centage of oxygtm. This probably explains the widely varying statements in 
the literature regarding the amount of hydrogen which nickel can adsorb, 
varying from 0.2 vols. of hydrogen |)er volume of nickel to a capacity for hy- 
dn)gen as great as that possessed by co(*oanut (*harcoal. 

“No meaning attaches to the measurement of hydrogen adsorption by 
nickel imless the whole history of the nickel is also described in detail. The 
term, it seems, should be restricted to the amount of hydrogen taken up by a 
known weight of nicked spn\'id ov(»r a definite surface, the nickel having been 
prepared by the reduction of nickel oxide by hydrogen at a definite teuipera- 
ture until all the oxygen has been removed. 

“As nickel oxide has an indefinite composition, being alww'S a mixture 
of oxides, the comphdion of reduction by hydrogen cannot be determined by 
continuing the reduction until the w'ater equivalent of the oxygen in the oxide 
has Ix^en evolved. There apix'ar to be tw'o w'ays of determining w'hether re- 
duction has Ix^cn complete or not: (i) to continue the reduction in hydrogen 
until no wat(*r is evolved, even after allow'ing the nickel to stand in the cold 
in an atmosphere of hydrogen for several hours and subsequently heating in a 
current of hydmgen; and (2) completely reduce at 4oo°(\ and then oxidize 
with a known volume of oxygen at 400° and reduce at the desired temperature 
until the water equivalent of the oxygen adsorbed has Ix^en evolved. 

“From the standpoint, of catalysis of hydrogenation, however, the measure- 
ment of hydrogen adsorption is, as we have just seen, of little importance, as 
the normal nickel catalyst is never in the condition of holding hydrogen alone. 

“Notwithstanding the relatively large amount of hydrogen adsorbed on 
a nickel catalyst prepared by partial reduction at 275®, ethylene alone, in 
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the absence of free hydrogen, does not react at i5o°C. For hydrogenation 
free hydrogen must also be present. This is also true for nickel prepared 
by complete reduction at 400®. That is, the hydrogens on the nickel catalyst 
in either of the two states, (1) positive hydrogens and negative hydroxyls and 
(2) positive hydrogens and negative hydrogens, do not react with ethylene at 
150° in the al)sence of free hydrogen. 

^‘According to the mechanism of hydrogenation by nickel just described, 
most of the conflicting views of investigators are, we believe, explained. The 
conception of definite hydrides as intermediate products in hydrogenating 
actions is not valid as the normal catalyst always contains oxygen and func- 
tions, as catalyst for hydrogenations, chiefly through the hydroxyl groups on 
the surface. Even where the catalyst carries only hydrogen this can not be 
said to exist in the form of definite compounds called hydrides of definite 
proportion of hydrogen to nickel, but rather as complexes in which nickel 
carries the hydrogen adsorbed on the surface as positive and negative hydro- 
gens. 

'likewise the oxygen present in the normal catalyst is not there as a 
definite hydroxide of nickel, but as a complex carrjdng hydroxyl groups nega- 
tively charged along with hydrogens positively charged. However, although 
these combinations are ‘‘complexes^^ rather than compounds yet the hydro- 
gens and hydroxyls react, it would appear, in stoichiometric proportions. 

The recent researches of Kelber* must be considered as decisive however, 
in connexion with the question of the necessity of oxygen in nickel catalysts 
of high activity. Kelber has prepared nickel catalysts by reduction of nickel 
cyanide in hydrogen at various temperatures. The presence of oxygen in the 
catalyst preparation is hereby avoided. With such catalysts ho has demon- 
strated high catalytic activity even in systems which contain no oxygen of 
any kind. Thus, the reduction of diphenyl-diacetylene in he^xane and of azo- 
benzene in hexane by hydrogen, in presence of oxygen-free nickel from 
the cyanide, went with extraordinary velocity. To avoid all objections, 
Kelber used hexane instead of water as the containing liquid for the hydrogen, 
Kelber further shows that nickel so obtained has the same characteristics 
as nickel obtained from oxide, in respect to sensitivity to heat treatment. 
By reduction at 2 5o°C. the nickel brought about 6occ hydrogen absorption 
in 5 minutes; on reduction at 4oo°C., 30 minutes were required for the same 
gas absorption. Kelber concludes that it is the high temperature which 
causes a change in surface of the catalyst and that elementary nickel can effect 
the activation of hydrogen. 

WillstMter and Seitz suggest that the production of tetrahydro-napthalene 
or the deca-hydro derivative by hydrogenation of naphthalene in the presence 
of platinum sponge depends upon the oxygen content of the catalyst.* They 
suggest that direct conversion of napthalene to deca- or tetra-hydro deriva- 
tives is possible. With oxygen-rich platinum the tetra-derivative is the pre- 
ferred product. An attempt is made to justify this view from the exhaustive 

‘Ber., 57 , 136, 142 (1924)- 

*Ber., 56 , 1388 (1923). See also, Zelinsky: Ber., 56 , 1723 (1923). 
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experimental data. The tetra-derivative obviously results from hydrogena- 
tion of one benzene ring only. Its further hydrogenation only occurs slowly. 
The deca derivative apparently suffers hydiogenation in both rings simultan- 
eously when little oxygen is present. Is this a ease where oriented adsorption 
occurs, different in the two cases when the platinum catalyst is rich or poor in 
oxygen? 

An interesting contribution to the problem of th(* nature of nickel hydro- 
genation catalysts has been made by Schlenk and Weichs(*lfelder,' who have 
succeeded in preparing a hydride of nickel, NiH2. They prepare it by the 
interaction of anhydrous nickel chloride on an ethereal solution of phenyl 
magnesium bromide in an atmosphere of hydrogen. Four equivalents of 
hydrogen are taken up in the preparation of the hydride, wdiich may possibly 
be accounted for by the following sequence of reactions 


2 Mg~-Br+NK:i2 = MgRr24-MgCl2+[NiPh2] 
[NiPhsld- 2H2 - NiHs-f- 2 ( 


The hydrid(‘ is obtained as a black precipitate which, when (he solution is 
decant(Tl, gives, on w^ashing with etluu, a black solid. This solid, on d<'CO!n- 
positioii with alcohol and 20 jxu* cent, sulphuric acid, gives a hydrogen evolu- 
tion corresponding to the formula NiHs. 

NiH 2 +H 2 S 04 - NiS( > 4+2112 

The ainoiint of hj’drogen ab.sorbed in th(^ preparation of the hydride is around 
3400 voluiiK's per volume of nickel wliich contrasts strongly with even the 
maximum values obtained in the adsorption studies at Princeton. Its magni- 
tude seems to rule out the |X)ssibility of its being an adsorption complex. The 
hydride is stable in ether and unslable in presence of alcohol, which fact the 
authors link with the kno\m ease of hydrogenation by nickel in alcohol solu- 
tions and the difficulty obtaining with hydrogenations in ether. The hydride 
is a gwd hydrogenation catalyst, not only as to reactions brought about, but 
also as to the temperature at which it is rt‘active; it hydrogenated many 
unsaturated comtKiunds at room tem{X'ratun‘. It is, howt'ver, a ver>' sensitive 
catalyst. Oxygen from the air kills its activity for hydrogenation at room 
temperatures, an observation which is of weight in view’ of the claims of 
Willstatter and BoswtH already discussed. This active^ n»ckel cataly.st, at 
any rate, does nf)t need oxygen for its reaction efficiency. 

Definite information as to whether the substimce is a hydride or adsorption 
complex could be obtained from a preparation of the dry substance and a 
measurement of its dissociation pressure. This measurement, (iarried out at 
two temperatures, would give th(‘ thermal data for heat of formation, if a 
compound, ('omparison of these with the knowm data on heat of adsorption 
of hydrogen on nickel (vide infra) would then materially add to our infonna- 
tion on the mechanism of hydrogenation. 


^Ber., 56 , 2230 (1923). 
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There is no evidence in the hydrogenation studies of Pease^ that oxygen 
is in any way necessary or beneficial in the reaction of hydrogen and ethylene 
at copper surfaces. Pease^s preparations are active some 150® lower than 
hitherto recorded copper catalysts. His work is of importance in that it 
associates, for the first time, kinetic measurements with adsorption measure- 
ments on one and the same catalyst. 

* ‘Because of the known variability among samples of catalytically active 
material both as regards catalytic activity and adsorptive capacity, it was 
onsidered vital to obtain measurements of the two properties on the same 
sample of material. This has accordingly been done. Measurements o^ 
reaction velocity have been alternated with detenninations of adsorption 
isotherms on the same sample of catalyst in such a way that sets of measure- 
ments of each kind have been “bracketed’^ by measurements of the other. 
This has been done in order to take account of any change in activity. 

‘‘With respect to the velocity measurements at o®, the velocity (slope of 
curve) is greatest with a mixture of 2H2:iC2H4 and least with a mixture of 
iH 2:2C2H4. With a 50 per cent, mixture the velocity is intermediate belween 
the other two. If the reaction were bimolecular, as the chemical equation 
suggests it might be, the velocity should be the same for the mixtures of 2H2: 
1C2H4 and iH 2:2C2H4, and with a 50 per cent, mixture the maximum velocity 
should be attained. The observed order of the curves suggests rather that the 
reaction is more nearly unimolecular with respect to hydrogen and independent 
of the ethylene concentration. An excess of ethylene actually inhibits the 
reaction rather than causes an increase in velocity. 

“When the amount of ethylene is constant, increasing the hydrogen con- 
centration 3.9 times causes the velocity to increase 3.0 times; and when the 
amount of hydrogen is kept constant, increasing the ethylene concentration 4 
times causes the velocity to decrease to 0.6 of its original value; that is, with 
the same concentration of hydrogen, the reaction velocity increase 1.7 times 
when the ethylene concentration is decreased to 1/4 of its original value. 

It seems to Pease that “a reasonable explanation of these observations 
can be made in terms of the adsorption theory of catalysis, with the aid of 
the results of the adsorption measurements. The adsorption of pure ethylene 
is markedly greater than that of pure h3'^drogen, being 1.45 ec. at 10 mnu 
pressure against 0.35 cc. for hydrogen, and 6.80 cc. at 760 mm. against i.io 
cc. for hydrogen. Since, therefore, the ad.sorption of ethylene at 10 mm. 
pressure is greater than that of hydrogen even at 760 mm. it is undoubtedly 
true that from almost any mixture of the two, considerably more ethylene than 
hydrogen will be adsorbed. Further, if we suppose that those active centers 
on the catalj^st surface which are (tapable of holding hydrogen are among 
those which can hold ethylene, it follows that when there is a mixture of the 
two in contact with the surface they will be competing for these centers and, 
since the ethylene is the more stronglj’^ adsorbed, the hydrogen will occupy 
relatively few of such spaces. We shall, therefore, be dealing in most cases 
with a surface largely covered with ethjdene, with hydrogen molecules scat- 

1 J. Am. Chem. Soc., 45 , 1196, 2235 (1923). 
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tered over it here and there. Let us suppose that both ethylene and hydrogen 
must be adsorbed before reaction can occur. We have concluded that ethylene 
will usually be present in large excess on the surface; so that its surface con- 
centration will be of secondary importance, so far as it enters directly into the 
velocity expression. The velocity should, therefore, depend mainly on the 
amoimt of hydrogen adsorbed. Other things being equal, the latter will 
increase with the partial pressure of the gas. It also seems reasonable to be- 
lieve that as the partial pressure of ethylene, and therefore its adsorption, 
decreases, the amount of hydrogen adsorbed at a given partial pressure will 
increase. Since, therefore, we have assumed that the velocity depends upon 
the amount of hydrogen adsorbed, we may expect it to increase with increasing 
hydrogen concentration and decreasing ethylene concentration, within limits. 
These are the relationships found by experiment. 

“The average value of the velocity constant is 0.50 at 0° and 1.32 at 20°. 
The velocity has therefore increased 2.64 times for a 20® rise in temperature. 
This is equivalent to an average tenqierature coefficient of 1.62 per 10° rise 
between o® and 20®. Such a great temiierature coefficient effectually disposes 
of the possibility of diffusion playing a dominant part in the process. The 
increase in reaction velocity to \ h ^ (‘xp(*cted from diffusion alone w^ould be 
about 2 ix*r cent. p(U* 10® in.stead of the 62 ixu* cent, found. Moreover, if 
diffusion wire a eontrolliug factor, the velocity should depend upon the eon- 
(^entralion of that reactant which w’ould diffuse most slowdy, namely ('thylene, 
whereas actually it dejxruls iifxin the concentration of the more rapidly diffus- 
ing hydrogen. 

“Furtlier information regarding the despondence of the reaction velocity 
upon th(' hydrogen adsorption w^as obtained in some exjx'riments during w^hieh 
the catalyst was poisoru*d wdth mercury. No dot (uniinat ions of reaction 
velocity were made Ix'fore poisoning but the magnitudes of the adsorptions 
iTuiicate that the catalytic activity w’as somew^hat greater than that of the 
catalyst already describ(‘d. Several adsorption ex|xu*imeiits w’(*re made and 
then a little mercury w^as nm up into the stopcock of the manometer and 
blowm into the evacuated (catalyst bulb. The quantity of mercury w^as esti- 
mated from the bore of the stopcock to l)e 0.015 ce, or 200 mg. This would be 
equivalent to about 20 cc. of vapor at o® and 760 mm. The bulb was then 
heated to 200® for V2 hour and evacuated. Afu^r cooling, the imTcury had 
disappeared and the catalyst wiis imchanged in apjx^arance. The adsorptions 
at 380 mm. of hydrogen and ethylene, respectively, w^ere found to be 3.25 cc. 
and 8.5s cc. before poisoning and 0.15 cc. and 6.70 cc. after poisoning. The 
value of dP for a 50 |:)or cent, mixture after poisoning was 0.7 mm. and w-as 
estimated to l)e 200 mm. before poisoning. 

“It is evident that the mercury has reduced the adsorption of hydrogen 
to less than r/20 of its former value but has reduced the reaction velocitj" to 
about 1/200 of its former value. The eth^dene adsorption has been only 
moderately diminished. Here again it is e\ddent that the catalyst must be 
able to adsorb hydrogen as well as ethylene before it can bring about reaction.. 
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“In the course of the experiments on the catalytic combination of ethylene 
and hydrogen, the effect on both catalytic activity and adsorptive capacity of 
partially de-activating a copper catalyst by heating it to 450® in a vacuum was 
determined.^ As this gave results which differ somewhat from those obtained 
by de-activation with mercury, they are also included. The effect of de- 
activating this sample of copper by heating was in a general way similar to 
the effect of de-activating the other sample by poisoning it with mercury. 
The curves have been moved over toward the pressure axis to nearly parallel 
positions, at the higher pressures at least. The heating has, however, decreased 
the hydrogen adsorption relatively less than the poisoning and the ethylene 
adsorption relatively more. Thus, at one atmosphere the decrease in hydro- 
gen adsorption amounts to 70 per cent, while the decrease in ethylene adsorp- 
tion amounts to 22 per cent. These are to l>e compared with decreases of 92 
per cent, for hydrogen and 14 per cent, for ethylene caused by mercury poison- 
ing. The absolute decreases at one atmosphere are 2.60 for hydrogen and 
r.95 for ethylene. It will be seen that these figures are much more nearly of 
the same order than in the case of copper poisoned with mercury. 

“The decrease in catalytic activity in the ethylene-hydrogen combination 
accompanying these decreases in adsorption amounted to 85 per cent. Just 
as in the case of the poisoning by mercury, one must go to very low pressures 
to find a corresponding decrease in adsorption, indicating that it is the strong 
(low-pressure) adsorption which is mainly responsible for catalytic activity,'' 
This last observation seems especially important to the reviewer. 

“It is clear from the relative adsorptions of the different gases by active 
copper that we may at once conclude that ordinary condensation in capillaries 
is not a sufficient explanation of the results, although it may account for the 
adsorption of ethane and partially for that of ethylene. The action seems 
rather to be a specific one between the copper surface and the particular gas. 
It seems probable, however, that any copper surface will not do, but that the 
surface must be in a special condition. From the evidence here presented, 
taken in conjunction with previous experience in the Princeton Laboratories, 
it would seem that an active copper surface is one which has scattered over it 
regions containing atoms whose fields are highly unsaturated. This follows 
from the fact that heating active copper to temperatures as low as 450® 
caused appreciable sintering besides decreasing the surface activity. Sintering 
at so low tempe^ratures points to the pre-existence on the surface of atoms of 

* Interesting results on the effects of heating active copper to successively higher 
temperatures have been obtained in the course of this investigation. In the present in- 
stance, the catalyst had been prepared at 200°, and heated to 300® after reduction. It had 
not thereafter been taken above 200°. After the experiments on the active material so 
obtained had been carried out, the catalyst was heated first to 350® for an hour and then to 
400® for 3 ^ hour without a marked change in activity resulting. It was then heated to 
^o® for one hour aftcT which it was found to have decreased in activity as will be shown. 
Further heating at 450® for hour was without noticeable effect, however. Similar re- 
sults were obtained with another catalyst which was eventually heated to 550® to produce 
a very inactive material. For each rise in temfierature a noticeable decrease in activity 
occurred but further heating at the same temperature was without marked effect. There 
seems, therefore, to be a stable condition of the surface corresponding to the highest tem- 
perature to which it has been heated. All the heatings described above were carried out in 
a vacuum. 
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high mobility and therefore in a state of unsaturation. The process of sinter- 
ing is the process of saturation of these atoms, and since the agency which 
causes the sintering also decreases the surface activity, it is reasonable to 
look upon these unsaturated atoms as the cause of this activity. One would 
look for atoms of this character in surfaces of high degree of curvature — in 
‘*peaks^\ tliat is to say, on the copper surface — rather than in the “valleys” 
or capillaries. 

“It seems probable that each of these “peaks” can attach more than one 
molecule of adsorbed gas. Otherwise it is difficult to see how combination of 
ethylene and hydrogen, for example, can take place as a result of adsorption. 
As already pointed out, since each hydrog(Ti molecule that is adsorbed appar- 
ently displaces an ethylene molecule, the same point on the copjKU’ surface 
caimot hold a molecule of both. The two must, however, be in close juxta- 
f)osition if combination is to occur. This can be true only if a given {leak 
possesses mort* than one fxissible point of attachment. The activity is, there- 
fore, not due to isolated active atoms scattered over the surface but to groups 
of these atoms.” 

At the higher tern rat un‘s with h'ss active copper catalysis conditions 
were somewhat ditTerenl. 

“Measurements of the velocity of combination of hydrogen and ethylene 
in the presence of copper at 150®, 200*^ and 250° have shown that in this tem- 
perature region the react ioji is more nc^arly birnolecular, in contnist to the 
combination at 0°, at which temperature the reaction is approximately uni- 
molecular with resjx'ct to hydrogcm and inhibited partially by excess of 
ethylene. Tlu* more nearly normal character of the reaction at the higher 
tcunfx'ratures is believed to be diu' to the fact that under these circumstances 
the reacting gases are not measurably adsorlxHl* by the catalyst. The tem- 
perature coefficient is much smaller at t he higher temperature and is decreasing. 

taking into account the decrease of adsorption with rise in temperature as 
well as the normal increase in velocity of the surface reaction, these facts 
have been accounted for (lualitatively. 

In connection wdt h the alxive views of Pease it is interesting to record that 
Wright and Smith^ and Smith* have studied the sintering of metals. Smith 
concludes that : — 

(1) Sintering may take place in cr>^stalline and amorphous substances. 

(2) The sintering of a crystalline substance is due to a change in the size 
of the crystals or to the formation of an allotrop(\ 

(3) The sintering of an amorphous material is due to the formation and 
growth of crystals. 

The following sintering temfx'ratures are givcm : — 

Pptd Pt black, 500®; Pd-black, 600®; Pptd Ag, 180°; Pptd Au. 250°; 
Pptd Co, 200®; Reduced Cu, soo®C; Pptd Cu, 250®; Pptd Fe, 750®; Pptd 
Ni, 7oo^ 

‘ It is probably more correct to assume that the adsorption is small and approximate- 
ly proportional to the partial pressures of each gas. H. S. T. 

* J. Chem. 80c., U9, 1683 (1921). 

* J. Chem. Soc., 123 , 2088 { 192 ^). 
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Judged by loss of adsorptive capacity of the reduced metal sintering may 
take place at much lower temperatures than those recorded above. What this 
means is that loss of adsorptive power is much the most sensitive index that 
we have at the present time as. to change of surface upon heating. 

An attempt has l>een made by Dougherty and Taylor^ to gain some in- 
sight, by kinetic measurements, into the mechanism of the catalytic reduction 
of benzene to hexabydrobenzene. The results indicate that the reaction does 
not occur at all according to the stoichiometric equation, as calculated from 
gas concentrations, but at rates governed by the distribution of the reacting 
materials between the catalyst and the gas phase. The trend of the reaction 
with change of temperature has been studied, and equilibrium values at the 
higher temperatures have been calculated. The results on the latter show that 
apparent equilibria in the gas phase, as measured in this way, do not necessar- 
ily coincide with those which would be expected on the basis of the ordinary 
equation representing the reaction. Dehydrogenation becomes marked even 
in presence of hydrogen above 2oo®C. Water vapor in small amoimts, up 
to 2 per cent, of the hydrogen volume used in the reaction mixture, had only 
a slight depressing efifect on the reaction velocity. Carbon monoxide in small 
amounts, about 2 per cent . of the hydrogen volume, had a very marked poison- 
ing efifect, particularly at low temperatures of 100° or under. As the reaction 
temperature was raised the poisoning was less noticeable. In large quantities, 
however, around 50 per cent, of carbon monoxide, the reaction was completely 
stopped at 180°. Hexabydrobenzene, at low temperature, loo"^ or less, had 
a depressing efifect on the reaction velocity. This efifect disappeared at higher 
temperatures, in the neighbrohood of 180°, 

The observations show that it is necessary to use great care in making 
comparative measurements on account of the variability of the nickel catalyst. 
It was found that different catalysts, although prepared exactly in the same 
manner, might have quite different activities, and that the activity of a given 
catalyst changed markedly with time and use. The observations also show" 
that quantitative measurements on a reaction of this kind are difficult due to 
the fact that the actual reactant concentrations, on which the velocity of the 
reaction depends, are those on the catalyst surface; and these concentrations 
ma^^ be independent of, or bear a varying relation to, the reactant concentra- 
tions in the gas phase. 

From exixjriments at 80® and 90®C it is shown that the temperature co- 
efficient of fche reaction measured is approximately 3.1: 1.9 or 1.65 per 10 
degree rise. This is evidently the temperature coefficient of a chemical reac- 
tion as opposed to that, of a diffusion proct^ss. The experience gained with 
this kinetic investigation demonstrated the need for both adsorption and 
kinetic studies on one and the same catalyst. 

Continuing his earlier studies^ in which he showed that the catalytic 
activity of moistened platinum and palladium in the catalysis of hydrogen- 
oxygen mixtures is determined as regards velocity by reaction and by the 

1 J. Phys. Chetm., 27 , 533, (1923)- 

* 2nd Report p. 814; Her., 49 , 2369 (1916); 53 , 298 (1920); 55 , 273 (1922). 
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pre-treatmeDt of the catalyst whether by hydrogen or oxygen, Hoffman,^ 
has shown that with iridium, no variation in rate is induced by prior treat- 
ment with either gas. The iridium does not seem to adsorb either gas selec- 
tively, as demonstrated by measurements of its electrode potential. It is 
equally efficient in acid or alkaline solution. The catalytic behavior of these 
three metals for this reaction is therefore definitely associated with the ad- 
sorptive capacity of these metals for the gas mixtures. Hoffmann method 
of attack is suggestive as a method of study of the still-debated question as to 
whether oxygen is necessary and indispensaVde in hydrogenation processes. 

Mitchell and Marshall^ have reinvestigated the work of Anderson* on the 
activation of hydrogen by platinuni as revealed by 1 he temperature of redu(^- 
tion of copper oxide. They show that with pure hydrogen no such activation 
occurs and that Anderson’s results are to be attributed to the presence of 
small amounts of oxygen. The nature of the active hydrogen produced under 
such circumstances, i.e., with oxygen present, is still uncertain. The authors 
lean to the conclusion that it is triatornic hydrogen.'* 

Tin has })een showm, by Brown and Henke®, to be an excellent catalyst 
for the nnliK^tion of nit rob(mz(‘ne to aniline. It is superior to copper at all 
rates of gas passage but the lowest tried. It is sui:>erior to nickel at all but the 
liighest rates. The catalyst is b(*st prepared from the hydroxide by precipita- 
tion with sodium carbonate from a stannous chloride solution. Oxidation of 
the hydroxide prior to reduction increased the efficiency of the resulting cata- 
lyst, the lower the tem|>erature of oxidation the better the resulting catalyst. 
The lower th(‘ temixTatun' of retiuction of the oxide the better was tht* result- 
ing catalyst. A (»atalyst in th(* form of coarse lumps is better than in the 
f)owdered form. 

Tin is a ncw-comer in the ranks of catalysts for refluction. The mechanism 
of its action is worthy of study. Is it a hydrogenating catalyst or is its action 
dependent on alternate oxidation and reduction? Both jxissibilities have 
their own interest. 

Preferential Hydrogenation 

Rideal has studied® the rate of hydrogenation of cinnamic and phenjd 
propiolic acids in presence of colloidal palladium. With the metal sol present 
in large quantities, solutions of the sodium salts of the two acids are hydro- 
genated at equal speeds, the rate being governed by the rate of hydrogen 
supply, and proix)rtional to the square of the shaking speed. The reaction 
velocity is of zero order. For small quantities of sol the velocity is pi-opor- 
tional to the concentration of palladium and the phenyl propiolate is hydro- 
genated at approximately twice the rate of the cinnarnate. AlK)ve certain 
critical limits the rate is independent of the shaking speed. The reaction 
velocity is within wide limits independent of the salt concentration. 

1 Ber.. 56 , 1165 (1923). 

* J. Chem. Soc., 123 , 2448 (1923). 

•Ibid.. 121,1153 (1922): 

* Cf. Venkataramaiah: J. Am. Chera. Soc., 42 , 930 (1923). 

* J. Phys. Chem., 27 , 739 (1923). 

* Trane. Faraday Soc., 19 , 90 (1923). 
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There appears to be an aging effect with the sols. All sols commence with 
a velocity curve of zero order and terminate in one of the first order. For 
active sols the portion not of the zero order is very small whilst for aged sols 
the portion of the first order is relatively large. For inactive sols the curve 
is of the first order throughout. Furtbennore, with aging, the rate of hydro- 
genation is diminished considerably. 

Rideal attempted to establish the hypothesis that the salt was adsorbed 
by the palladium sol. He showed that the sol protected by 0.2 per cent, gum 
arabic undergoes aggregation when treated with the sodium salts. Ten milli- 
grams of a sol aggregated in this manner were filtered through a small filter 
and washed into a small tube connected to a 10 cc. hydrogen burette. The 
aggregated sol and filter paper absorbed 4.35 ccs. of hydrogen at 25°C. A 
duplicate filter paper through which 10 ccs sodium phenyl propiolate had been 
filtered required a further i cc. of hydrogen. Ten mg. of the sol untreated with 
salt absorbed 1.53 cc. Hence, Rideal concludes, the sol had adsorbed salt 
equivalent to 4.35-(i + i.53) = 1.82CC. of hydrogen. This corresponds to one 
molecule of salt to approximately two atoms of palladium, which may or may 
not be significant. The aging of the sol is attributed by Rideal to reduced 
adsorptive capacity for the unsaturated salt. 

The fact that at low sol concentrations the phenyl propiolate is hydro- 
genated twice as fast as the cinnamate, suggests to Rideal that the salt is not 
desorbed from the sol surface until completely saturated and that the phenyl 
propiolate takes up two hydrogen molecules from the palladium in the same 
time as the cinnamate takes up one. 

A number of investigations indicate, however, that this is not necessarily 
true for all cases of preferential hydrogenation. Most of the work on hydro- 
genation of oils involves the possibility of preferential hydrogenation and cer- 
tain of the researches on the subject indicate its existence. Moore, Richter 
and van Arsdale^ indicated that the more unsaturated glycerides were hydro- 
genated preferentially to the glycerides containing only one double bond. Quite 
recently, Richardson, Knuth and Milligan^ have confirmed this conclusion 
showing that the preferential nature of the process is even more pronounced 
than bad been previously believed. A newer method of analysis of the hydro- 
genated product revealed, in a typical case the following percentage of satur- 
ated, oleic and linolic acid glycerides in the oil before and after hydrogenation. 

Cotton Seed Oil Saturated Oleic Linolic Acids 

Before Hydrogenation 22.7 27.5 49.8 

After Hydrogenation 24.0 67.1 8.9 

It is evident that in this experiment the hydrogenation was practically 
exclusively hydrogenation of linolic acid glycerides and negligible hydrogena- 
tion of oleic acid compounds. This would indicate almost exclusive adsorp- 
tion of the more highly unsaturated glycerides at the nickel surface. The 
authors found that the selectivity of the hydrogenation appears to be more 
marked with increasing amounts of catalyst and with increasing temperatures 
1 J. Ind. Eng. Chem., 9 , 5^1 (1917). 

* Am. Chem. Soc., September Meeting 1923, Milwaukee, Wis. 
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up to an optimum in the neighliorhood of 2oo®C. Quantitative measurements 
on preferential adsorption should prove very interesting in this case. As 
Bancroft^ has already pointed out, there are almost no quantitative data on 
selective adsorption in liquid systems. An intensive study of the field will be 
fruitful alike to colloid chemistry and contact catalysis. 

Dehydrogenation 

Dougherty, in the work previously cited, attempted to measure the posi- 
tion of equilibrium in the reaction 

C«H6 + 3H2 = CcHi2 

His results were not wry conclusive although they did establish the rever- 
sibility of the proc(‘ss. He used nickel as a catalyst. Tlierein, apparently, 
lay some of his trouble in view of the following conclusions of Zelinskj'. Some- 
one ought to repeat Dougherty’s work using platinum or palladium instead 
of nickel. 

Zelinsky and Pawlow- in studies of the dehydrogenation of cyclohexane 
with platinum, palladium and nickel show that the efficiency of thc\se cata- 
lysts for a given velocity of vapor passage decreases in the order given ; dehy- 
drogenation starts as low as i5o°C\ and is complete around 3oo-35o°(\ With 
platinum and palladium, ('ven as high as 4oo°C., little or no carbonisation 
occurs. With nickel, decom|K>sition occurs at a much lower temperature; 
hence, presumably the very inferior behavior of nickel in comparison with the 
other two. 

Zelinsky* show sthat o- dimethyl cyclohexane undergoes dehydrogenatior 
but that I, I dimethyl cyclohexane does not undergo dehydrogenation under 
such conditions. Zelinsk}’' thinks that i,i dimethyl cyclohexane is therefore 
to bo regarded as ditforent from the hexahydro aromatic compounds. De- 
hydrogenation in Zelinsky’s view' has therefore a selective character. It is 
distinctly probable that the free-cmergy factors concenied will reveal reasons 
for the absence of dehydrogenation, as they undoubtedly do for the absence 
of dihydro and tetrahydro derivatives in the hydmgenation of benzene. 
E. C\ Kendall show’od some years ago that dihydro-benzene when led through 
a heated glass tub(' at 2oo%\ w^as completely decomposed to benzene and 
hexahydrobenzene. 

Promoter Action 

Pe?ase and Taylor’s bibliography of the literature on promoter action^ 
showed definitely that little or nothing w^as knowm as to the mechanism of 
promoter action. Beginnings of an attack on this problem are now* apparent 
and elucidation may be ex^x^cted to follow. It seems essential to take single 
oases and study them thoroughly — ^and not to generalise too soon. 

One case in which the mechanism of promoter action seems definitely to 
have been obtained is available in the older literature. 


* “Applied Colloid Chennstry,” p. 73 (1921). 

* Ber., 56, 1249 (1923). 

»Ber.,r' 

^ J. Phys 


56 , 7 » 7 ,.I 7 i 6 (1923); 
Chem., 24 , 241 (1920). 
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Elissafoff studied^ the action of glass wool and heavy metal salts cn the 
velocity of decomposition of hydrogen peroxide both singly and in conjunction 
with each other. Elissafoff showed that, together, the glass wool and heavy 
metal salt effected a much more rapid decomposition of the peroxide than 
would be anticipated on the basis of additive effects. This case is certainly 
therefore a reaction velocity at the surface and not a diffusion velocity. Were 
it possible to make adsorption measurements, other modes of decomposition 
of hydrogen peroxide would possibly be found to be of the same type. Thus 
with a decomposition velocity of 0.86 in presence of 0.5 g. glass wool in 20 ccs. 
of peroxide, and one of 1.63 in presence of a 1.54 millimolar solution of copper 
sulphate without glass wool, a solution with the same copper sulphate con- 
centration plus 0.5 g. glass wool in 20 ccs. gave a decomposition velocity of 
10.8; all the velocity xmits are expressed in arbitrary units. The concentra- 
tion of hydrogen peroxide was 1 2 millimolar. In this case, at least the mechan- 
ism is apparent. It is known that the decomposition of peroxide takes place 
at the glass surfaces. It was probable that the copper salt was concentrated 
at the glass surface and so exercised greater effect. That this was so the follow- 
ing observations indicate clearly. The unimolecular constants for two copper 
ion concentrations of i and 10 millimols per litre were 0.0013 and 0.0023 re- 
spectively, in the ratio, therefore of 0:1.77. The amounts of copper salt 
adsorbed from these solutions by Jena glass powder of the same glass were in 
the ratio of i :r.73. It is apparent that the decomposition velocities are pro- 
portional to the amounts of adsorbed copper salt. 

An informing contribution to the theory of promoter action has Ix^en 
made by Medsforth* who has studied the effect of promoters added to a 
nickel catalyst in the hydrogenation of carbon monoxide and carbon dioxide 
to yield methane. Reasoning from the simultaneous production of water in 
the reaction, the addition of catalytic dehydrating agents to the nickel 
catalyst was made with material increase in the attainable reaction velocity 
for a given conversion of the reactants. Ceria, thoria, glucina, chromium 
oxide, alumina, and silica gave a, from 17-fold to 12-fold, increase in velocity 
over that obtainable with the straight nickel catalyst. Zirconia, molybdenum 
oxide and vanadium oxide were somewhat less efficient, though still good, pro- 
moters. Tin and magnesium oxides, copper and silver metals produced no 
acceleration over the straight nickel. With the carbon dioxide reaction the 
increases in velocity effected were somewhat less than those recorded for the 
monoxide reaction above. The order of efficiency was exactly the same. The 
order of efficiency is roughly that of oxide catalysts recorded by Sabatier in 
reference to strict dehydration processes. 

In explanation of the ac^tivity of the promoters, Medsforth assumes the 
function of the nickel to be to assist the union of the gases to form a ^complex' 
or intermediate compound of the methyl alcohol type, probably via formal- 
dehyde. The promoter then functions as a catalytic dehydrating agent on the 


1 Z. Elektrochem., 21, 352 (1915). 
* Chem. Soc., 123, 1452 (1923). 
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intermediate compound giving water and a methylene radical whence, imme- 
diately, methane results. The promoter assists the known dehydrating action 
of the nickel. This can be schematised thus 

CO+2H2 — ^HsC.OH 

The increased activity of the promoted catalyst is therefore ascribed to in- 
crease in (2) and suppression of (r). The combined dehydrogenation and 
dehydration effected by Ipatiew* with a nickel -alumina catalyst whereby 
the conversion of camphor to isocamphene is effected at 2oo®C. in one step 
is cited as supporting evidence 

/CH2 /CH. /CH /CHs 

CgHu ! — CgHu I — > C,Hi4 II — CbHu I . 

NCO NCHOH \CH NCHo 

The several steps of this process can l>e conducted singly with the single 
catalysts though less (jfficiently. 

Medsforth calls attention to an important feature of promoter action 
which he has noted, tlmt of selective promotion. It would appear that when 
two reactions, both capable of being a<*celerated, take place at the same time 
in the presences of the same (‘atalyst and the same promoter, that which is 
normally slower is accelerated to a greater comparative degree than that which 
is normally the faster. Support for this statement was obtained in the obser- 
vation that when carlxm monoxide and steam react in the presence of nickel 
and nickel promoters, whilst carbon dioxide* and hydrogen are the main prod- 
ucts, methane is also formed, the quantity of whi(^h is greater when, for ex- 
ample, alumina is present than when nickel alone is used. Similarly, in the 
production of methane from carbon monoxide and hydrogen, more carlxm 
dioxide is formed as a by-product due to the simultaneously occurring water 
gas reaction, when promot<'rs are added to the nickel catalyst, than if this 
latter is used alone. 

In discussing the apf)licatioiis of his dehydration hypothesis Medsforth 
reviews several ca.ses of promoter action. For catalysis of the water gas reac- 
tion with iron oxide as catalyst it is significant that the promoters among the 
most effective* are hydrating agents and oxygem carriers. The action of ceria- 
thoria in the incandescent mantle may also be in part due to combined oxygen 
carrier-dehydration effect iveness. 

As a temporary classification of promoters for purposes of discussion Meds- 
forth gives the following: 

(1) The promoter decomposes interniediate compounds formed by the 
catalyst, 

(2) The promoter causes the reacting substances to combine, the resulting 
intermediate compoimd being decomposed by the catalyst. 

(3) The promoter adsorbs or combines with one of the reacting substances 
producing a greater concentration of the latter at the catalyst surface. 

Further contributions to the problem are promised. 

* J. Hu 88. Phys. Chem. Soc., 44, 1695 (1912). 
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The origin of the carbon dioxide in the methanation process has been 
elucidated by Armstrong and Hilditcy who have shown that when purified 
water gas is passed over nickel at 2oo-30o®C. the predominating reaction is 
2CO+ 2H2 * CO2+CH4. The reaction is regarded as the sum of two reactions 
CO+HjO^COa+Hj 
CO2+ 2H2+ 2H2 - CH4+ 2H2O, 

the former of which is regarded as occurring in the same manner as the reac-- 
tion in presence of copper previously studied by them^, namely via formic 
acid CO+H2O — >-HCOOH — ►“H2+CO2. With cobalt, the reaction com- 
mences at a lower temperature, i8o®C., but the above reaction is subsidiary 
to the main methanation process C04*3H2 = CH4+H20. Silver is inert,, 
iron almost so, platinum and palladium of minor activity. Mixed catalysts 
were less efficient than the single catalyst. With nickel at increasing pressures 
up to 6 atmospheres the minimum temjxjrature of interaction rises. The re- 
action yielding carbon dioxide and methane produces more methane from 
water gas than any of the other reactions. It may therefore have value as a 
means of increasing methane c*ontent or lowering carbon monoxide content 
of town^s gas. The authors state that CO2+H2 goes directly to methane and 
gives no carbon monoxide, so that partial reduction is apparently not taking 
place. This is at variance with some observations made in the laboratories 
of the Munitions Inventions Dept., in England, during, the war, where 
methane prepared from carbon dioxide and hydrogen contained a small per- 
centage of carbon monoxide. 

In contrast to the conclusions of Medsforth cited above, Armstrong and 
Hilditch® conclude, with regard to the ^promotion ^ of a straight hydrogenation 
process, the simple addition of hydrogen at an unsaturated linkage, in presence 
of nickel, alumina, silica, oxides of iron and magnesium being employed as 
promoters, that the stimulation observed can be satisfactorily explained on 
the basis of increased available catalytic surface of the nickel. There is some 
evidence of the removal or adsorption of catalyst poisons (sulphates in the 
precipitated oxides, or traces of impurities in the oil hydrogenated) ; but 
these appear as minor influences compared to the effect on the extent of sur- 
face of nickel produced. They have been able to make an appreciably less 
amount of reduced nickel effect the same amount of action whatever the ex- 
tent of the catalyst in alumina or other ‘promoting^ oxide. 

Armstrong and Hilditch^ showed that the presence of sodium carbonate 
effectively promotes the hydrogenation of phenol at nickel surfaces. About 
25 per cent, by weight of nickel appears to give the maximum effect. In the 
presence of carbonate the reaction rate is more nearly linear than in the ab- 
sence of the carbonate. This factor suggests that the function of the promoter 
is a protective one to the catalyst, keeping it free of inhibiting impurities. 

' Proc. Roy. Soc., 103A, 25 (1923). 

*Proc. Roy. Soc., 97A, 265 (1920). 

* Proc. Roy. Soc,, 103 A, 586 (1923). 

* Proc. Roy. Soc., 102A, 21 (1922). 
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The promotion of nickel by the addition of copper,^ Armstrong and Hil- 
ditch ascribe to the influence of the copper on surface area. 

Catal3rtic Oxidation and Promoter Action 

The enhanced activity of manganese dioxide-copper oxide (Hopcalite) 
mixtures as catalysts for carbon monoxide oxidation has received furt^ber 
attention this year, and progress towards the solution of the mechanism in 
this case has been made. 

Bray and Almquist^ state that their results indicate that the mixture, 
60 per cent. Mn02, 40 per cent. (^uO is but slightly more active than other 
mixtures, and that V)asic copfier (carbonate as a component has little if any 
advantage over copper hydroxide. 

The following theory of the mixture effect in this case proved useful 
throughout, tlw'ir experimental work. 

“By the action of carbon monoxide and oxygen a protective^ film is formed 
on the catalyst which interferes wdth further action, unless it can be rapidly 
desorbed as carbon dioxide. The film builds up to a lesser extent for mixtures 
than for the on(»-t;omix)nent catalysts at the same temperature. The slow 
limiting rea(‘tion may he the rate of desorption of carbon dioxide or the rate 
of a transformation within th(‘ film. We could stop with the statement that 
this is a qiu^stion of tlu^ structun^ of th(» catalyst, but it seemed worth while to 
seek an interpretation in terms of vahuice th(‘ory. 

“The porous granules are belu'ved to consist of a net work of chains of 
atoms h('ld together by vakmci* forci^s.*^ The forces that cona^ into play at or 
in the film are also valenc(» forces. Whim the catalyst contains the two oxides, 
th(^y will tend to neutralize eacli oth<*r\s valence forces, since they differ in 
basicity or polarity, and the strength of the valence forces at the film may be 
exi)ected to be less than for a one-(*om|x>nent catalyst. In other words, an 
increase in the rate of desorption, or increase in the rate of a reaction within 
tlu* film, is attributed to wiiat may be considennl a partial chemical reaction 
between the twT) oxides. 

Whits(‘ll and Frazi'r'^ (»onchide tliat “manganese dioxide in Hopcalite 
mixtures is the initial cause of the oxidation at low* tempo raturc's. The active 
preparations are able to oxidizt* carbon monoxide extnTiicly rapidly either 
catalytically or at the expiuise of their owm oxyg(ui. The analyti(‘al data show 
that these active samples have a very low* txitasl) content, less than 0.5 to 1.0 

^ ('f. Dew'ar and Liebniann: U.S.P. 1,268,602: 1,275,4c 5. 

^ J. Am. Chem. Soc., 45 , 2305 (1923). 

* Compare Langmuir: J. Am. Chem. 8oe., 38 , 2285 (1916}. 

The formation of the firm porous granule from the hydrated oxide or oxiaea may be 
thought of as follows. Each hydrated oxide is precipitated in the form of minute particles, 
the size of which is determined by the method 01 precipitation, but is greater than molecular 
dimensions. The filter cake, before it is dried consists of particles surrounded by film of 
water, which enable the relative jxisitions of the particles to be easily changed for example, 
in a kneading process. In the prelim iniiry drying as the water is slowly expelled, the par- 
ticles are gradually drawn together, and iii many places contact is sufficiently close to allow 
valence forces to (iome into play between the molecules of different particles. The plastic 
material has now been transtormed into a solid. Finally, as the water of hydration is grad^ 
ually expelled, the body becomes porous. 

^ J, Am. Chem. Soc., 45 , 2848 (1923). 



920 


HUGH S. TAYLOR 


per cent of K2O, while the partially active sample initially tried oontaiued 
very likely 3 per cent, or more, as has been shown by other investigators 
(English). These samples were otherwise quite alike as to physical structure. 
The commercial sample after partial reduction was able to take up enough 
oxygen at an elevated temperature to restore its activity for a time. When it 
was more completely freed from potash it was able to take up oxygen fast 
enough to become completely catal3rtic at lower temperatures. This points 
to a mechanism of alternate reduction and oxidation of the catalyst. The 
efficiency is quite evidently dependent on the nature of the active surface as 
well as on its extent. A sample of preparation No. 4, for example, which had 
been ignited too strongly, on evaporation became quite dense, resembling 
the natural product and was entirely inactive, although alkali-free. This 
meant a packing and possibly a total change of structure of the material, and a 
redxiction and probably alternation of the nature of the surface but without 
destruction of the porous structure. The “promoted”, Hopcalite, sample is 
active, although it still may contain 1.74 per cent, of K2O. To state with 
certainty the effect of the cupric oxide on the mixture it would be necessary to 
have data on a sample of manganese dioxide containing this amount of alkali. 
If the alkali is all associated with the manganese dioxide, as the Hopcalite is 
60 per cent, of manganese dioxide, the latter actually contains 2.90 per cent, 
of K2O. As a sample of manganese dioxide containing this much impurity 
would hardly be completely catalytic alone it seems that the cupric oxide 
does show promoter action. It is still possible that it cuts down the adsorlx^l 
alkali or affects the way it is held so that its jx^isonous effect is annulled. On 
the other hand, both cupric and manganous ions are catalysts in other oxida- 
tion processes. These adsorbed ions may, therefore, act as oxygen carriers 
to the carbon monoxide. The activity seems to be intimately connected with 
the ability and rapidity with which the substances can take up oxygen, which 
may be caused by the rapid shifting of electrons in manganese atoms, so the 
poison or promoter may affect the stray field or the atomic or molecular con- 
figuration of the catalyst itself. 

“Attention is next called to the manganese-oxygen ratios in the samples. 
Here as in the previous investigations the loss of oxygen by manganese dioxide 
is noticed even at room temperatures and in a wet sample, indicating a disso- 
ciation pressure of oxygen in the pure manganese dioxide greater than the 
partial pressure of the oxygen in the atmosphere. English finds that these 
oxides behave as solid solutions, the oxygen pressure varying with the com- 
position of the mixture; this is similar to the conclusions of Sosman and 
Hostetter^ in the case of the oxides of iron. The action of promoters and 
poisons may be due to their presence as constituents of such solutions. The 
fact that the mixtures lose oxygen at room temperature shows that they have 
a dissociation pressure greater tlian the oxygen in the air, and the activity be- 
cause of this is greatly increased by the fineness of division of the particles. 

1 J. Am, Chem. Soc., 38 , 807 (1916). 
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The molecules are at a point where electron changes occur with great rapidity, 
and oxygen evaporates and condenses as readily as molecules do in the case 
of a liquid at its boiling point. 

The rapidity of oxidation of carbon monoxide (the time of contact is of 
the order of o.oi second, comparable to that in the oxidation of ammonia) 
shows that the monoxide is not held very tightly as such. If it were, it would 
be its own poison. Failure to effect desorption of carbon monoxide as such 
from manganese dioxide points to a rapid re-arrangement and reaction. That 
carbon monoxide may be adsorbed is shown by the experiments with the less 
active cupric oxide. The course of the reaction would be, then, adsorption 
and simultaneous oxidation or its adsorption by the catalyst; desorption of 
the carbon dioxide or its adsorption by capillary condensation in case the 
catalyst were not already saturated; and finally reoxidation of the catalyst. 
The carbon dioxide is inert and chemic^ally inactive and therefore does not 
poison the catalyst except by mechanically covering the surface and preventing 
contact of the reactant with the catalyst surface. 

Benton^ attacked the problem by studying adsorptions of carbon monoxide 
(and hydrogen) by v^arious oxide catalysts and mixed oxides. 

^‘It will Ik‘ observed that the ord(*r of adsorption of the different gases is 
the same on (*a(‘h of the oxides, ('arbon dioxide i.s most extensively adsor!>ed, 
carbon monoxide is next, followed by nitrogen, then oxygen, while h^'diogen 
is least adsorbed. Tlu* order of decreasing boiling |x>ints is carbon dixoide, 
oxygen, carlxm monoxide, nitrog<‘n, hydrogen. The corresyKinding order for 
melting fxnnts is carlx)n dioxide, carbon monoxide, nitrogen, oxygen, hydro- 
gen; in other words, the same as the order of adsorption. This ndation holds 
because the adsorptions are largely of the secondary valence type. A glan(*e 
at the tables will show that for active oxides, the adsorption of carbon monox- 
ide is abnormally large, and this abnormality increases at higher temperatures. 
Thus at o° and above, carbon monoxide is hold on active oxides mainly by 
primary adsorption, while at low tem|xu'atur(^s the adsorption is largely 
secondary. 

‘ 'Although the effective surface areas of these oxides are unknown, so that 
it is not possible to compare them in tenns of adsorptions per unit area, yet 
this difficulty may be overcome to some extent by using ratios of the volumes 
of different gases adsorbed by each oxide. 

"The ratio of carbon monoxide adsorbed at —79® to carbon dioxide ad- 
sorbed at o® is nearly the same for each adsorbent This suggests that both 
of these cases involve mainly secondary adsorption. For acidic oxides either 
the adsorption of oxygen is abnormally great, or that of carbon dioxide is 
abnormally small. Ordinary chemical considerations suggest that the latter 
alternative is the correct one. Obviously, however, the adsorptions in these 
cases are principally of the secondary valence type. The deviations from 
complete uniformity could perhaps be attributed merely to quantitative, 


» J. Am. Chem. Soc., 45 , 887, 900 (1923). 
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rather than qualitative differences in the forces involved, yet there is no reason 
why certain of these oxides should not adsorb carbon dioxide or oxygen to 
some extent by primary valence forces. 

The large differences in the ratios of carbon monoxide at o® to carbon 
dioxide at o®, or of the monoxide at o® to oxygen at o®, show the specific 
nature of carbon monoxide adsorption at this temperature. If the assumption 
be made that, with adsorption by silica, primary valence forces do not enter 
the process appreciably, these ratios furnish a means of distinguishing quanti- 
tatively between the primary and secondary adsorptions. On this basis the 
secondary adsorptions of carbon monoxide at o® should in all cases be 1.77 
times as great as the oxygen adsorptions, or 0.08 times as great as the carbon 
dioxide adsorptions. In Table I are given the secondary carbon monoxide 
adsorptions at o®, calculated in this way, together with the observed total 
adsorption. The last two rows contain the primary adsorptions, obtained by 
subtracting the secondary adsorptions from the total. 

Table I 

Primary and Secondary Adsorption of Carbon Monoxide 




O02OS 

Ilopca- 

CuOIll 

Mn02 

Fe20, 

V 2 O 6 

SiOj 




life 






Total CO at o° 


? 

4 42 

1.66 

1 . 90 

1 . 62 

0053 

2 .662 

Secondary calc. O2 at 0® 

0.47 

0.44 

0.23 

0.60 

0.8s 

0055 

(2.662) 

from 

CO2 at 0® 

0.82 

0.49 

0.36 

0.69 

1.42 

0.030 

(2.662) 

Primary, 

O2 at 0® 

? 

398 

1-43 

1.30 

0.77 

0.00 

(0.0) 

from 

CO2 at 0® 

? 

3-93 

1.30 

1 . 21 

0.20 

0.023 

(0.0) 


The two methods of calculation do not give identical results because, 
as already mentioned, the adsorptions of carbon dioxide aiul of oxygen by 
certain of these oxides cannot be regarded as purely secondary. The two 
methods do, however, place the oxides in the same order with respect to the 
primary adsorption of carbon monoxide. Similar results are obtained for 
hydrogen, but since the adsorptions of this gas are very small, the relative 
precision of the measurements is much less than with carbon monoxide. It 
should be noted that these calculations are quite independent of any assump- 
tions with regard to the relative effective surface areas. It has, how^A^er, 
been tacitly assumed that a large primary adsorption has no effect /in the 
secondary capacity. If, as seems likely, this is not strictly true, all tW second- 
ary adsorptions in Table I should be diminished, and the primary adsorptions 
therefore increased, by a certain small fraction of the calculated primary ad- 
sorptions. Obviously this correction could not alter the order of the oxides 
with respect to primary adsorption. 

The order of chemical reactivity of these oxides toward hydrogen and 
carbon monoxide^ is the same as the order in which they are listed in Table I 
and, therefore, the same as that of the primary adsorption, with the exception 
of manganese dioxide and cupric oxide, which are reversed. This parallelism 

‘ As determined in these experiments from the slope of the volume-time curves, 
previously described. Cf. Wright and Luff: J. Chem. Soc., 33, i, 504 (1878). 
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suggests that primary adsorption is an intermediate stage in the reduction of 
these oxides, at least at comparatively low temperatures. In other words, 
carbon monoxide, on coming in contact with a readily reducible oxide, is 
almost instantly adsorbed by primary valence forces, forming a surface com- 
plex which can decompose either into the original substances or into the reduc- 
tion products, depending on the conditions. At higher temperatures the rate 
of decomposition of the surface complex into the reaction products is extreme- 
ly rapid but at comparatively low temperatures it becomes so slow that at any 
instant a large fraction of the surface is covered with this adsorbed layer of 
carlx)n monoxide molecules. At still lower temperatures carlx)n monoxide 
is adsorbed less and less by primary valence, and more and more by secondary. 
The latter, however, is not a preliminary stage in the reduction, except in so 
far as a primary valence union results from the secondary type by a shift of 
electrons. 

Relation between Extent of Adsorption and Catalytic Activity 

The catalytic behavior of these oxides in the combination of carbon monox- 
ide and oxygen has been investigated^ by the Chemical Warfare Service, and 
also to some extent hy the Munitions Inventions Department in England. 
The order of catalytic activity was found to be Hopcalite, cobalt sesqui-oxide» 
cupric oxide, manganese dioxide, ferric oxide. Vanadium j)ent oxide was not 
investigated and therefore cannot l)e pla(‘ed with certainty, but it is known- 
that silica comes at the end of 1 he list. All the oxides whose adsorptive* capaci- 
ties were measur(‘d w(*re prepared and dried by the same processes as those 
used for the sampl(‘s whose catalytic activity had been determined, except 
in the case of Hopc^alite. Hopcalite similar to that used for the adsorption 
experiments was founcP to be less than 100 per cent (*fficient at temfM*ratures 
Ih'Iow 40®, so that this mixture must be put in second place, after cobalt 
sesejuioxide, in the activity series. For convenience of comparison, these facts 
are collected in Table II, togeth(*r with the results of the adsorption measure- 
ments. In the table the pro|xu*tics in (juestion decrease from loft to right. 

Table II 

Comparison of (^atal>dic Activity and Adsorption 
(^atalytic activity C02O3, Hopcalite, CuO, M11O2, Fe-iOs, ViOftl?). SiO^ 

Secondary adsorption Si()2, Fe203, MnOa, ('’02O3, Hopcalite, C\it), V2O5 
Primary adsorption of CO Co^Os, Hopcalite, CuO, Mn02, FeoOs, V2O5, SiOo. 

The most obvious conclusion to be drawn from Table II is that no connec- 
tion whatever exists between the extent of secondary adsorption and catalytic 
activity for carbon monoxide oxidation. The primary adsorption of carbon 
monoxide, however, is in exactly the same order as the catalytic activity. 

^ Eideal and Taylor: Analyst, 44 , 89 (1919); Rideal; J. Chem. Sor., 115, 993 (1919); 
Lani^ Bray and Fraser: J. Ind. Eng. Chem., 12, 213 (1920); Merrill and Scalione: J. 
Am. Chem. 8oe., 43, 1982 (1921). 

’Bodenstein and Ohlmer: Z. physik. Chem., 53, 166 (1905)* This statement ia 
supported by new experiments with precipitated silica. 

* In an experiment by H. S. Taylor. 
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This means that if the total adsorptions as measured are compared with 
the catalytic activity, no relation will appear, because the adsorption consists 
in general of two different phenomena, only one of which has a bearing on the 
activity. The powerful force fields at the surface of silica, indicated by its 
high melting point, produce a comparatively high adsorption of all gases, but 
it is a secondary valence adsorption and consequently leads only to weak, if 
any, catalytic effects. Charcoal, probably the best adsorbent known, cata- 
lyzes few reactions, because the adsorptions in question are largely secondary. 
Charcoal does catalyze the chlorination of natural gas as well as a number of 
oxidation reactions, but the adsorption of oxygen cert/ainly is of the primary 
valerce type, as is probably also that of chlorine. Secondary adsorption ap- 
pears to produce, at the most, only comparatively slight activation of the 
adsorbed molecules. 

Concerning the actual chemical composition of oxide oxidation catalysts 
Weiss, Downs and Bums^ make an interesting contribution. They show that 
in presence of benzene-air mixtures of definite concentration at a given tem- 
perature the catalyst is, in reality, a definite ratio of two oxides, V^Ob and 
V2O4. At 4oo®C. with 14 parts by weight of air to i part by weight of benzene 
the catalyst after use was 94.3 per cent V2OB and 5.7 per cent V2O4 while 
before use it was a mixture of 60 per cent V2O5 and 40 per cent. V2O4. When 
the benzene concentration was increased the percentage of V2O5 in the used 
catalyst fell. With 2.2 parts of air to one of benzene the jx^rcentage bad fallen 
to 9.1 per cent. V2O5. This adjustment of the oxide ratio to gas concentrations 
suggests strongly that the mechanism of the catalysis involves an oscillation 
between V2O6 and V2O4. At temperatures above 4oo®C. with any given gas 
concentration the proportion of V2O5 will progressively decrease. The authors 
have found that complete combustion also increases at the expense of the 
partial oxidation product. The opposite is true of the lower temperature 
range. Hence, the authors conclude that the proportion of compU^te combus- 
tion is not dependent on the ratio of V2O5 to V2O4 but upon some other factor, 
such as the activation of the reacting substances. 

Dunn and RideaP studying the oxidation of nickel sulphide by gaseous 
oxygen in aqueous solutions show that the process is a heterogeneous sur- 
face reaction occurring in stages with the intermediate production of basic 
salts. The oxidation is markedly accelerated by soluble vanadium compounds. 
The catalytic effect is ascribed to colloidal V(OH)8 and is greatest in weakly 
acid solutions. 

Adsorption and Catalysis 

The general conclusions of the work at Princeton have been summarised 
in a communication® to the Colloid Symposium from which the following 
extracts are quoted. 

Adsorption is a condition precedent to catalytic change. The data ob- 
tained by Taylor and Burns on hydrogenation catalysts showed marked 
adsorption of gases which take part in hydrogenation processes. Low ad- 

1 Ind. Eng. Chem., 15, 965 (1923). 

* J. Chem. Soc., 123, 1242 (1923). 

* Colloid Symposium Monograph, p. 101 et seq., Madison (1923). 
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sorptive capacities were found with relatively inert catalysts. Pease studied 
this relationship in detail with ethylene and hydrogen on coppt^r showing 
that high catalytic activity was paralleled by high adsorptive capacity for 
both gases. Pease further showed that by suppressing the adsorption of 
hydrogen by partially poisoning the copper catalyst with mercury the cata- 
lytic activity was likewise suppressed. Adsorption of both reactants is there- 
fore a condition precedent to efficient catalysis in this case. Benton showed 
marked adsorption of carlxin monoxide and, to a lesser degree, oxygen by 
oxide catalysts capable of effecting the combination of these gases. Dough- 
erty and Taylor demonstrated the adsorption of benzene vapors by nickel. 
Taylor, Benton and Dew* have measured ammonia adsorption on a variety 
of metals which catalyse th(^ decomposition of ammonia. Taylor and Beebe^ 
have shown that hydrogen chloride is adsorbed by the copper chloride catalyst 
of the Deacon chlorine process. 

The Form of the CaialyM and Adsorption : — The extent of adsorption per 
unit weight of catalyst is determined by the method of preparaticn, distribu- 
tion on inert supports or V)y subsequent treatment of the surface by catalyst 
poisons or by beat treatment. 

\^ariation in adsorptive* capacity with variation in the methods of prepara- 
tion, may be illustrated from fclu* work on copper, on nickel and on an oxide 
such as cupric oxide. These* results are* strikingly displayed in the following 
tables. 


Adsorptions on Copper 


IVniperature 
of H ('duet ion 
of CuO 

Xat\ire 

of 

(‘uO 

Time re- 
quired for 
Reduction 

.•\d.sorptJon pt r 

100 g Cu at 

0 ®C and 7t)ornm 
H., C.H, 

ObsemTs 

2 5o®(\ Ignited nitrate 

Few hours 

0.2 2 85 

T and Bu 

2oo°C. Kahlbaum’s granules 30-40 hrs. 

0 

00 

0 

P 

1 5o°C. Kahlbaxim’s 

4 days 

15.5 

T and D 



Adsorptions on Nickel 


"IVmperature 
of Reduction 
of NiO. 

Nature 
of NiO 

I'lme required 
for Reduction 

Adsor})tion H2 per 
100 g. at 25° C. 
and 760 mm. 

Obw-rvors 

0 

0 

0 

Ex nitrate 

12 hours 

47 CCS. 

T and Bu 

30o‘’C 

Ex nitrate 

9 

70 CCS. 

G and T 

ioo°C 

Ex nitrate 

2 days 

130 CCS. 

T and Be 


This catalyst probably more finely divided than the first two. 


Adsorptions on CuO 

Nature of CuO Adsonjtion per 100 g. CuO at 25*^, 760 mm. 

COj O2 CO Observer 

Strong ignitior of Cu 0.015 0.005 0012 Benton 

Calcination of Nitrate 0.132 0.00 0.180 Benton 

Ppt^ of hydroxide 36.2 (o®C) i.o(o®C) 13 3 (o®C) Benton 

‘ Unpublished work. 

* J. Am. Chem. Soc., 46 , 45 (1924). 
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The effect of a catalyst support on the adsorptive capacity per unit weight 
of catalyst is well illustrated by the work of Gauger and Taylor with nickel 
from the calcined nitrate and with nickel spread on a diatomite brick. 


H2 adsorbed per g. Ni at 750 mm. and 


Catalyst 

25° 

80 5° 175“ 

184® 200° 

218° 250° 

Unsupported Ni 

0.69 

0.63 

0*53 

0.S4 

Ni on diatomite 


S-2 

5*1 

4.73 


The best quantitative data on the effect of poisons on catalyst adsorption 
obtained in the Princeton work are those obtained by Pease on copper. Ad- 
sorptions of hydrogen and ethylene on 100 g. Cu were made before and after 
the catalyst was poisoned with mercury, the quantity of poison being estimated 
at 200 mg. 

Adsorption at 0 ®C., and 380 mm. 

H 2 C*H4 

Before poisoning 3 . 25 cc. 8.55 cc. 

After poisoning o . 1 5 cc. 6.70 cc. 

The striking disparity in the influence of the poison on the adsorptive 
capacities of the two gases is worthy of study. The hydrogen adsorption is 
reduced to less than 5 per cent, of its initial value. The ethylene adsorption, 
on the other hand, is still approximately 80 per cent, of its initial value. At 
the present time, we are inclined, taking these data in conjunedon with others 
on the effect of heat to be presented below, to attribute this phenomenon to 
differing capacities of surface atoms to adsorb hydrogen and ethylene. The 
mercury vapor, on this hypothesis, would be preferentially adsorbed on those 
portions of the surface which have hydrogen-adsorbing capacity. 

Heat treatment of an active catalyst preparation is now our standard 
method of preparing catalysts with controlled adsorptive capacity or catalytic 
activity. From a variety of experiments, we may choose the following as 
indicative of the effect produced by heat treatment. 


Catalyst 

Heat treatment 

Adsorption at 

0° and 760 mm. 

Obst'rver 



Ih 

CjH. 


A. Active Cu. 

No heat beyond reduction 




100 g. 

of oxide at 200° C. 

3 ‘ 70 

8.4s cc. 

Pease 

B. 

A. heated to 45o®C. 
for 1 . 5 hours 


6.8s 

Pease 

C. Active 

Obtained by reduction 




Ni. 27 grms. 

of oxide at 3oo°C. 

35 


Beebe 

D. 

C. heated at 4oo°C. 
for 4 hours. 

16 


Beebe 


The same abnormal depreciation of the hydrogen adsorption on copper 
is to be noted here as in the poisoning experiments. This evidence we would 
interpret thus: A smaller fraction of the surface is capable of adsorbing hy- 
drogen than ethylene. The greater adsorptive force required by surface atoms 
in order to hold hydrogen is, in our view, to be regarded as possessed by those 
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atoms in the surface which have a greater degree of freedom from the normal 
crystal lattice of the solid catalyst. These atoms have a lesser fraction of their 
electron shells surrounded with neighbouring copper atoms. Th(*j^ therefore 
possess a greater surface energy. They would also fxissess a higher vapor 
pressure. With the moderate heat treatment accorded to the catalyst in the 
above mentioned cases these atoms distil to positions of lesser surfac^e energ>^ 
more readily than do atoms of less freedom in the solid lattic(». It is these 
atoms of high surface energy which will be most affected by heat tn^atment; 
they should be the preferred positions of atta(‘,hment of catalyst poisons. 
The Specificity of Catalytic Adsorption :~¥re\mdl\ch points oiit^ that “since 
in adsorption by charcoal, the physical characteristics of the adsorbed gas 
are of far more importance than the specific effect between gas and adsorbent, 
it is not remarkable that also with adsorption by different adsorbents the in- 
fluence of th(^ special profK'rties of the adsorbent is strongly suppressed (stark 
zurucktritt). It can be said with a certain approximation that oftentimes 
gases are adsorbed, independently of the nature of the adsorbent, in the order 
of their (‘ompressibilities.^’ 

This thesis is entirely inapplicable to catalytic adsorption. The ratio 
oti/a^ for the adsorption of two gases by adsorl)ents A, B, C, etc., which 
on the basis of Fnnmdlich’s statement would be approximately constant for 
each adsorbent. A, B, C, etc., may vary quite widely for catalytic adsorl)ents. 
Th(' large differences in the ratio of adsorption of carbon monoxide at o%\ 
to carbon dioxides at o%\ obtained by Benton show the specific nature of 
carlon monoxide adsorption at this tempicnature for a variet}- of oxide cata- 


lysts. 

Hopcalit(‘ 

C'uO MnOa 

Fe203 


SiO, 

aco 

<*COa 

0.72 

0 37 0.22 

0.09 

0 . 14 

0.08 


Thc same ratio at 2$%\ for a few metallic catal^^sts is obtainable from 


Burns^ measurements 

Cu. Co. 

Fe 

Pd 

Pt Black 

Otco 

OLcOf 

10. 0 3.6 

2.8 

288 

10.6 


It is very evident, since this ratio varies from o.i to 300, that the FnTind- 
lich relation is entirely untenable for such cases as we are dealing with here. 
It has only a very cireurnscrilied applicability, namely, to chemically inert 
adsorbents and easily liquefiable gases. A most striking case of the specific 
behavior of catalytic nickel is to be found in Freundlich’s book (p. 203) in his 
discussion of some unpublished work by Zisch on the decomposition of nickel 
carbonyl at nickel surfaces. As Freundlich points out one might expect, on 
the basis of the higher critical temperatui*e of nickel carbonyl as compared 
with carlxin monoxide, a much higher adsorption. Actually, carbon monoxide, 
even in minute quantities, exerts a poiverful retarding action on the decompo- 
sition, indicating marked preferential adsorption. Our pi*esent knowledge 
with respect to the structure of nickel carbonyl and its stable configuration on 
^ “Kapillarchemie.” 2nd Edition, p. 178 (1922). 
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the basis of the Lewis-Langmuir theory of structure immediately suggests the 
chemical reasons for this specificity of adsorption, unexplainable on the basis 
of physical characteristics. Other striking variations in ratio of adsorbed 
gases are to be found in the records of the Princeton work. Consideration 
of the preceding section on the influence of catalyst poisons and of heat 
treatment on adsorptive capacity will show furthermore that the ratio of 
adsorption of gases by a single catalyst is also variable with variation in the 
preparation and of treatment of the catalyst. The rule as to nonspecificity of 
adsorbents must be discarded when cognisance is taken of the data on cata- 
lytic adsorbents. 

Spedfidiy of Adsorption and Spedfidty of Catalytic Activity: — The influ- 
ence of specific adsorption in determining specific catalytic activity is best 
demonstrated by work dealing with the preferential catalytic combustion 
of carbon monoxide admixed with hydrogen. As is well known, metallic 
oxides may be used to catalyse the combination of carbon monoxide and 
oxygen present in equivalent concentrations in a large excess of hydrogen. 
The mechanism of this preferential oxidation is at once apparent from the 
adsorption ratio of the two gases at atmospheric pressure on various oxides 
at ~79°C., as determined by Benton. 

Oxide = Hopcalite Mn02 CuO C02O3 FcaOs V2O5 Si02 

«co 33 100 34 19. 35 17 28 

Of CO* 

For exact comparison with preferential combustion data adsorptions at low 
partial pressures of carlx)n monoxide should be compared with those of 
hydrogen at approximately atmospheric pressure. The results cited, however, 
show marked preferential adsorption of carbon monoxide. With metals the 
preferential nature of the combustion process is less pronounced. With nickel 
and platinum the hydrogen is freely consumed; with copper a fair preferential 
combustion may be attained. Note the following data on adsorption ratios of 
the two gases at various temperatures and atmospheric pressure and contrast 
them with the oxide data. 

arc Ni Pt. Black Cu 

o 87 (184°) 3.3 (100®) 12 

The data cited are also of interest in connection with the problem of specificity 
of adsorbent discussed in the preceding section. 

Variation of Adsorption with Pressure and the Heat of Adsorption: — ^As is 
well known, the variation of adsorption with pressure on adsorbents such as 
charcoal is approximately given by the Freundlich equation 

I /n 

«=kC 

where «= amount adsorbed, k and n are constants the latter being always 
equal to or greater than unity. 

The data on the variation of adsorption with gas pressure with metallic 
catalysts as adsorbents are few; some of these, however, show striking charac- 
teristics. Gauger and Taylor’s data on the adsorption isotherms of hydrogen 
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on nickel are the most completely studied thus far. The curves obtained at a 
variety of temperatures 2 5-305°C., show the characteristic shape of normal 
adsorption isotherms so far as absence of discontinuities Indicative of com- 
pound formation are concerned; they show, however, this distinction that at 
a certain pressure at each temperature, a definite saturation capacity of the 
surface is apparently reached. This saturation capacity is reached at very 
low partial pressures, 40 mm. at 2 5°C., and approximately 250 mm. at 305^0. 
Beyond these pressures, furt.her increase in gas pressure up to atmospheric 

pressure (i.e. — - = 19 fold increase in pressure at 2 5°C.) adds to the amount 
40 

of gas adsorbed so little as to be within the error of measurement. The same 
observation is true in the recent results of Pollard*, employing hydrogen, and, 
to a less extent, carbon monoxide on platinum. The amount of adsorbed 
hydrogen in this case does not sensibly increase beyond a gavS pressure of 100 
mm. Pease’s data on the adsorption of hydrogen by copper show a similar if 
less pronounced attainment of saturation capacity. The adsorption of hydro- 
gen at 380 mm. pressure was 90 pc^r cent, of that at atmospheric pressure. 
Similar Ix^havior with resfX'ct to carbon monoxide on copper is shown in 
some data obt-ained l)y Jones and Taylor on the adsorption isotherms of 
carbon monoxide and carbon dioxide on copper at o®C. and 8o°C’. Earlier 
work on adsorbents of the charcoal type has not indicated the attainment 
of saturation capacity of the surface even at pressures well beyond atmos- 
phc'ric pressure. A further distinction is also noti(*eable. Gauger and Taylor’s 
results show that the adsorptive capacity of hydrogen on nickel at satura- 
tion is, at 305®(\, as irnudi as 60 jx^rc(*nt. of the saturation capacity at 25°C. 
Sonu* recent data oblitined by Dew on (?opper show adsorptions of hydrogen 
in th(* ratio of 10 to 8.7 at o°and iio’^ (\ and atmospheric pressure. C’on- 
trast this with the data concerning adsorption on chanoal. The adsorp- 
tion of (rarlKin monoxide at 400 mm. and 46'^C\ is only 8 per cent, of that 
at — 78®C.\, this temperature interval being about the same as that obtain- 
ing in Dew’s ciise and less than one-half of that recorded above with nicked 
and hydrogen, Tlie aelseirption e)f carbon dioxide on charcoal at i5o°C. anel 
atmospheric pre*ssure is less than 7 per cent, of that at —78°C. These strik- 
ing differences both in the pressures at which saturation is attained and in 
the variation of adsorption with temperature are undoubtedly of funda- 
mental importance in the study of (catalytic adsorbents. 

Data on adsoiptiem isotherms may utilised to evaluate the heat of 
adsorption of gases on the adsorbent surface. Gauger and Taylor using the 
minimum pressures at which saturation is reached at the several temperatures 
and substituting these in the equation 

^ Ti T, , P2 

X=4.S7fpf, log ^ 

obtained a value for, X, the heat of adsorption of 2500 calories. This cal- 
‘ J. Phys. Chem., 27 , 365 (19*3)- 
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culation is in error since the equation should be applied^ to the pressures Pi 
and P2 at which equal amounts of gas are adsorbed, or in other words, equal 
fractions of the surface are covered. The data of Gauger and Taylor do not 
lend themselves readily to such computations if accuracy is desired, as the 
pressures at which equal fractions of the surface are covered at different tem- 
peratures are small and consequently most liable to error. From the best 
available data however, calculated in the correct manner, a value for the 
isosteric heat of adsorption of 15000+3000 calories was obtained. 

Rideal and Thomas- showed that the adsorptive capacity of three different 
samples of fuller’s eartb for methylene blue is no criterion of its capacity to 
catalyse the decomposition of hydrogen peroxide. The adsorptive powers 
were in the ratios of 2.54, 2.18 and i. The catalytic actions were in the ratios 
2.38, 0.58 and 2.51. The iron content of the three earths is possibly the gpv- 
erning factor in the catalysis. 


Adsorption and the Influence of Support Materials 

Palladium, spread on active charcoal, with the object of utilising the 
adsorptive capacity of the support material in addition to the catalytic activ- 
ity of the metal has been employed by Foster and Brudc* in a study of carbon 
monoxide decomposition to yield carbon and carbon dioxide at temperatures 
as low as ioo®C. Hydrogen had no influence on the change. The reaction 
went even with the smallest amounts of water vapor present which points to 
direct reaction 

2 C 0 =C 02 +C 

With silica gel as support material this reaction was accompanied by the reac- 
tion CO+H2O-CO2+H2 


since hydrogen was present in the effluent gas. This work is in disagreement 
with previous claims of Orloff^ who stated that hydrogen and carbon monoxide 
yield ethylene in presence of nickel-palladium catalysts. Foster and Brude 
obtained no unsaturated compounds and state that it is safe to assume that 
ethylene has not as yet been produced by reduction of carbon monoxide. 
There should be some information forthcoming from American sources on 
this point. 


Rosenmund and Langer^ have shown that the nature of the support 
material is of importance in protecting the catalyst against poisons as well 
as in influencing the catalytic activity. With palladium catalysts on various 
supports the influence of arsenious oxide and carbon monoxide as poisons was 
studied, in the reduction of (cinnamic acid. Kieselguhr-palladium catalysts 
showed the least activity and greatest sensitivity to poisons. Blood charcoal 
gave the most active and most resistant preparations. In these two cases 
activity and resistance run parallel. Barium sulphate supports are more 
active than pumice; the latter are more active in presence of the poisons. 


* See Freundlich: **Kapillarohcmie,” 

* J. Chem. Soc., 121, 2119 (1922). 

* Ber., 56 , 2245 (1923). 

^ Ber., 42 , 893 (1909). 

* Ber., 56 , 2262 (1923). 


p. 182 (1922). 
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The effect of the supports is evidently a function of the adsorptive capacity 
of the support for the poison. It acts in these cases as a purification agent 
in the catalyst system. 

Adsorption by support materials has proved to 1x5 of importance in the 
measurement of adsorption by contact catalysts spread on supports. Dr. R. A. 
Beebe has shown that asbestos suitable for use as support for platinum in con- 
tact mass catalysts adsorbs 0.79, 0,10 and 0.04 cc. nitrogen and 53.0, 1 1.3 and 
2.0 cc. sulphur dioxide iier gram at 0°, 110° and 2i8°C resixictively. Russell, 
in Princeton, has shown that pumice used as a support for nickel adsorbs 1.2 
cc. nitrogen per gram at i io®C. This possibility has always to be looked for in 
adsorption studies. 

Heats of Adsorption 

Benton’s paper previously cited indicates the existence of primary and 
secondary adsorptions the former, only, of which parallels the catalytic activ- 
ity. The thermal magnitudes accompanying such adsorptions should reveal 
if any extensive change in the valence forces has occurred during such ad- 
sorption. It is for tliis reason that particular interest attaches to the mea.sure- 
rnents of heat of adsor]jtion which are now being mad('. 

Foresti^ hiis measured the heat of adsorption of hydrogen on nickel and 
showed that the heat of adsorption, Qv, at atmospheric prc'ssure was iisoo-f 
500 calories. Beebe and Taylor* have shown by direct measurement that the 
heats of adsorption of hydrogiui on active (catalysts composed of nickel and of 
copper are respectively about 13500 and 9600 calories. The great disparity 
b(5twwn these values and that of the heat of liquefaction of hydrogen, 450 
calories, is the first striking feature of these results. The adsorption is very 
definitely not a .simple condensation process. Taken in conjunction wdth the 
variation of adsorption with pressure, as elucidated by the work of Gauger 
and Taylor and of Pease, the heats of adsorption may be utilised to demon- 
strate the difficultj^ of formation of multi-molecular films of such gases. From 
the equation 

^ P2 _ X T2-T1 

p, 4. 57 T,T, 

calculation may lx? made of the pressure p2 at w^hich, at temperature T2, 
the same weight of gas may be adsorlxd as is taken up by the adsorlxmt at 
Ti at a pressure pi, the heat of adsorption being X. The data of Gauger 
and Taylor show that at 2 5®C and 40 mm. pressure a given sample of nickel 
adsorbed 8.7 ccs. of hydrogen. Utilising the directly observed value for X — 
13500 cals., we may now calculate with the aid of the above equation the pres- 
sures at which this quantity of gas will be adsorbed at various higher tempera- 
tures. 

1 Gaze. chim. ital., 53 , 4S7 (1923). 

» J. Am. Chem. Soc., 45 , 43 (1924). 
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Temperature Calciilated Pressure at which 8.7 cc. are adsorbed 


8o°C 

1 . 85 atm. 

i84'’C 

95 atm. 

2i8°C 

414 atm. 

30 S“C 

3342 atm. 


The experimental measurements show, however, that, for example, at i84®C., 
as much as 8,0 ccs. of gas are already adsorbed at 150 mm. pressure. It is 
therefore evident that a further increase in pressure from 150mm. to 95 
atmospheres only results in the further adsorption of 0.7 ccs. This result is 
in entire agreement vith that found experimentally, that the adsorption be- 
tween 1 50 mm. and 760 mm. at i84°C., was, within the error of measurement, 

constant. The calculated variation should be — — somewhat less than 

95 

0.008 CCS. Similar considerations hold to a more marked degree at the higher 
temperatures. At 305^0 and i atm, pressure the adsorption is already some 
5.5 CCS. The adsorption of an additional 3.2 ccs. would require a gas pressure 
of 3342 atmospheres. 

In a similar manner utilising the heat of adsorption of hydrogen on eoppei-, 
X~96 oo cals., it may be calculated that the quantity adsorbed at o°C and i 
atmosphere would be adsorbed at iio^C at 162 atmospheres. Now, actual 
test has shown that at iio^C and i atm., pressure the adsorption of hydrogen 
by an active copper is already 87 per cent, of that at o®C and i atmosphere. 
An increase in hydrogen pressure of 161 atmospheres would only result them- 

fore in an increase of =15 per cent, in the adsorbed gas. 

87 

We regard the slight variation of adsorption with pressure after the initial 
strong adsorption at the lower partial pressures in the cases herein studied as 
the strongest evidence in favor of the Langmuir theory of a unimoh»cular 
layer. There is evidently in these cases little or no t endency to build up several 
layers of adsorbed molecules on such smfaces. 

There is evident a similar inability to build up several layers of adsorl)e(l 
gas in the case of carbon monoxide on copper as first observed by Jones and 
Taylor^ and recently more thoroughly investigated by Pease.^ The same is 
apparently tnie for the cases of hydrogen and carbon monoxide on platinum 
as the recent studies of Pollard* show. In all these cases there is evident rapid 
saturation of the surface at low partial pressures and then subsequent slight 
increase of adsorption with pressure. The available data on heats of adsorp- 
tion for these latter cases confirm this view. Mond, Ramsay and Shields^ 
value for the heat of adsorption of hydrogen is 13760 cals. Langmuir* has 
calculated by an indirect method that the heat of adsorption of carbon monox- 

^ Colloid Symposium Monograph, p. 108 (1923). 

* J. Am. Chem. Soc., 45 , 2296 (1923). 

3 J. Phys. Chem., 27 , 365 (1923). 

* Z. physik Chem., 25 , 657 (1898). 

* Trans. Faraday Soc., 17 , 641 (1921). 
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ide on platinum is 32,000 cals. The heats of adsorption of oxygen and chlorine 
on charcoal are known to be highb and charcoal is an oxidation and halogcna- 
tion catalyst. 

One other feature of these data on heats of adsorption other than the 
actual magnitud(?s involved is of importance. Beehcj’s measurements of the 
variation of heat of adsorption with pressure, ovct the range 0-760 mm., show 
the magnitude to lie constant. This is in sharp contrast to th(' results pre- 
viously obtained with adsorbents of the charcoal type. In this latt(T case the 
heat of adsorption decreiises steadily with increasing f)ressure, the final values 
approaching those of the heat of liqu(‘faction of the adsorbed gas. This has 
bc^en interpreted as showing that th(* adsorption is reall}’ a liquefaction phe- 
nomenon, the excess heat, over and alK3vo that of liquefaction, iKung accounted 
for by the high compression supposed to obtain in the first liquid layers of 
adsorbed gas, such pressure diminishing as more and more layers form, until, 
finally, the straight h(*at of condensation is obtained. The constancy of the 
values obtained in our studies and their wdd(? divergence from the heat of, 
liquefaction (13500 and 9600 calories as compared with 450 calories heat of 
liquefaction) tends to indicate that in th(* cases we have studied no multi- 
molecular layers form. 

It is interesting (o not(‘ that, from Pease \s data on ethylene, a gtus whose 
isotherm at o%\ on copper is much more reminiscent of isotherms on char- 
coal, the value for the heat of adsorption deduced from the isostercs at o°C\, 
and 2o°(\ (5.5 CCS. adsorbed at 480 and 760 mm. respectively) may cal- 
culated to l)e 3750 calories, whi(*h is exactly what would Ix' deduced from 
^'routon^s rule. From th(^ isosterc's at lowm* pressures, higher heats of adsorp- 
tion are calculable. From the isosteres for 3.85 ccs. (200 and 300 mm. re- 
spectively) the calculated value is 5100 calories. This is in accord with pre- 
vious data on non-sfx*cific or capillarj^ adsorption. Much of our evidence 
tends to show" that ethylene may l>e adsorbed in (capillaries in some of our coj>- 
IXM* samples. With other samples, notably one obtained in Princeton recently 
where the adsorption of ethylene at one atmosphem pressure was only one- 
half that of the hydrogen adsorption^, capillary adsorption s(*enis to l)e less 
evident. We incline to the lx?lief that the high initial values of heats of ad- 
sorption should lx as(‘rilxHl to the heat of the adsorption complex, adsorbeid- 
adsorbate, for example, Ca-C'.2H4; with capillary liquefaction, the heat meas- 
ured becomes more and more tliat of the liquefaction, C2H4-C2H4. Under 
such circumstances tlie variation of the heat of adsorption with pressure 
would provide a definite criterion of the fonnation of multi-molecular ad- 
sorbed gas films. 

Interface Phenomena 

Further evidence of interface phenomena® in chemical reactions is revealed 
by reaction velocity curves autocatalytic in natum. Sieverts and Theberath* 
studied the dissociation of silver permanganate and obtained such a reaction 

‘ Unpublished work. M.I.T. 

* See also Peajse: loc cit. . 

* Cf. Second Report, J. Phjns. Chem., 27, 827 (1923). 

* Z. physik. Chem., 100, 463 (1922). 
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process. Small amounts of impurities increased the velocity of decomposition. 
Hinshelwood^ thereupon promptly called Sieverts attention to bis own work 
upon both inorganic compounds and explosives such as tetryl in which an 
auto-accelerated change occurs. It is not quite clear whether Hinshelwood 
accepts the interface theory as accounting for his experimental results. **Now 
since the rate of reaction in the solid state is only about 50 to 100 times less 
than that in the liquid (in the case of tetiyl at i2o®C) we must assume that 
even after the most careful purification the tetryl still contains traces of im- 
purity which either give rise to liquid or exert some catalytic effect.^* Is it not 
possible that these ^H;races of impurity” may simply be weak spots in the 
tetryl crystal lattice, from which reaction starts and spreads outwards. 

Otto and Fry® thought that their results showed the decomposition of 
potassium chlorate to be a unimolecular process. Anyone can see that they 
are in reality a beautiful example of an autoaccelerated process. Iron oxide 
promotes the decomposition. Recently they have shown that potassium 
chloride does the same thing.® The presumptionis the refore strong that 
the process is an interface phenomenon. Neville has added^ to this reaction 
an interesting case of promoter action. Impure pyrolusite was more effective 
than pure manganese dioxide. The pyrolusite contained 8 per cent, iron oxide. 
A mixture of 8 per cent, iron oxide and 92 per cent, pure manganese dioxide 
had the same efficiency as the impure pyrolusite. The action of th(* mixture 
was more than additive of the effects of the two oxides separately; hence the 
promoter action, elucidation of the mechanism of which was not achieved. 
It will probably be quite complex. 

Jones and Taylor® have shown that the low temperature reduction of 
copper oxide by carbon monoxide is an interface phenomenon, inhibited by 
carbon dioxide and by oxygen. The catalysis of the carbon monoxide and 
oxygen reaction by copper oxide appears to be alternate oxidation and reduc- 
tion. On copper the process is oxidation of adsorbed carbon monoxide. In 
this factor it differs markedly from the catalysis of hydrogen and oxygen on 
copper, the mechanism of which appears to be alternate oxidation and reduc- 
tion. 

Gas-Liquid Reaction Velocities and Catalysis 

Norrish and Rideal® have recently studied the reaction, 

Ha-t-S (liq.) H2S. 

They emphasise that the solubility of hydrogen sulphide in liquid sulphur 
may have vitiated the earlier work performed by means of a static method, 
since the gas would be liberated on solidification of the sulphur and would 
therefore be added to the equilibrium quantity of hydrogen sulphide measured 
after cooling the reaction bulbs. Furthermore, Norrish and Rideal point 

‘Phil. Mag., 40 , 569 (1920); Proo. Boy. Soc., 99 A, 203 (1921); J. Chem. Soc., US, 
721 (1921). 

* J. Am. Chem. Soc., 45 , 1134 (1923). 

* J, Am. Chem. Soc., 46 , 269 (1924). 

* J. Am. Chem. Soc., 45 , 2330 (1923). 

® J. Phys. Chem., 27 , 623 (1923). 

* J. Chem. Soc., 123 , 696 (1922). 



THIRD REPORT OF THE COMMITTEE ON CONTACT CATALYSIS 


935 


outr it is uncertain whether in the earlier work the walls of the vessel acted 
catalytically; also, the abnormal temperature coefficient obtained by Boden- 
stein, 1.34; between 234® and 283^0 and 1.77 Vjetween 310® and 3s6®C does 
not seem to be in harmony with Bodenstein^s conclusion that the reaction is 
homogeneous and confined to the gas phase. 

Norrish and Rideal, by employing a dynamic method, have found it 
possible to show that the combination of hydrogen and sulphur takes place 
by way of two reactions, a gaseous and a surface reaction, the former being 
predominant, under the conditions of their experiments at 285®C., and up- 
wards, the latter being the more important below this temperature. They 
showed also that the temperature coefficients of the two separate reactions 
were constant but widely different in value. 

These conclusions wen* reached by an analysis of the reaction velocity 
measurements. These revealed that the logarithms of the total reaction 
velocity plotted against temx)erature did not yield straight lines. The curves 
obtained confirmed Bodenstein's result of an increasing temperature coeffi- 
cient with increasing temp{*rature. From measurements at diffemnt tempera- 
tures with two different hydrogen pressur<‘s, pj and p2; it was found that a plot 
of the logarithms of the differences of corresponding velocities for the two 
pressures against temperature gave a straight line. This fact led the authors 
to (he conclusion that a surface reaction and a gas reaction were pro<‘eeding 
concurrently and that the former, assumed independent of the gas pressure 
and therefore constant, disappeared on taking the difference of the correspond- 
ing velocities. In other words, the straight line obtained a.s stated is in reality 
the graph of the gas reaction velocity occurring at prc'ssure pi-p^. Assuming 
that the gas reaction velocity was proportional to thc' pressure and the surface 
reaction independent of the gas pressure, the observed curve for total reaction 
was re.solved into two straight line curves of logarithm of velocity plotted 
against temperature for the two reactions taken separately. From the slope 
of these lines the temperature coefficients w'ere obtained. That for the 
surface redaction was found to b.e 1.48, that for the gaseous reaction was 2.26 
which after correcting for the variation of the vapor pressure of sulphur with 
the temperature reduced to 2.1Q. (^oriTsponding to these (coefficients, by 
applying the Arrhenius equation, 

d log A 

(IT "" 

whe^re V is the reaction velocity, the values of A, the heats of activation of the 
gaseous and surface reactions, were found to be respectively 52400 and 26200 
calorics. Norrish and Rideal call esjiocial attention to the fact that these are 
in the ratio 2:1. 

By vaiying the size of the reaction vessel they showed also that the surface 
reaction was directly proportional to the internal surface area of the vessel 
and independent of the quantity of sulphur in the bulb. The respective reac- 
tion equations would therefore l^e : — 

V (ga 8 )i 4 k,XC„.xa 

V (surface) «k2X Surface area. 
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where Ch, refers to the hydrogen concentration, Cg that of the monatomic 
sulphur, 

Norrish and RideaP showed also that oxygen functions eatalytically 
in the imion of hydrogen and liquid sulphur. The phenomenon is in reality 
quite complex. With rise of temperature and increase of oxygen concen- 
tration beyond lo per cent, at a temperature of 265^0., and beyond 7 per cent, 
at 285^0., the catalytic action becomes a poisoning action. The observed 
effects were separated into a strong poisoning effect in the gaseous reaction 
between hydrogen and sulphur at all temperatures and a eatal>i:ic effect on 
the surface reaction which onlj’^ Ix^comes observable at the lower temperatures 
(265 and 285°C.) where the surface reaction is of greater relative importance. 
This surface catalytic action rises to a maximum with increase of oxygen con- 
centration in the hydrogen and then falls away again, finally becoming a 
poisoning action for concentrations of oxygen beyond 10 per cent. Simultane- 
ously, sulphur dioxide is formed at a rate directly proportional lo the oxygen 
concentration. 

From the known velocities of the several reactions occurring, it was 
deduced that the effects obsei*ved may be quantitatively explained by postu- 
lating a gradual preferential adsorption of oxygen by the sulphur surface, all 
the hydrogen being displaced when the gaseous concentration of oxygen has 
exceeded 10 per cent, and by ascribing to the oxygen a catalytic activity pro- 
portional to the number of molecules adsorl)ed per square centimetre of sur- 
face. From these assumptions Norrish and Rideal calculate the composition 
of the adsorbed gas films in equilibrium with a given atmosphere. It is evident 
from this work and that of Pease^, that experimental determinations of such 
adsorptions would be instructive. 

In a concluding section of the paper Norrish and Rideal consider the 
mechanism of both gaseous and surface reactions. The theimal value found 
from the temperature coefficient of the gaseous reaction, the ^^critical incre- 
ment’^ of the radiation thcor>', 52400 cals., is in agreement with Budde’s 
value* for the heat of dissociation of S2 molecules into atoms, and thus corre- 
sponds to the energy required to sever two sulphxir bonds. The critical incre- 
ment of the sui-face reaction similarly corresponds to the breaking of one 
sulphur bond and is equal to that required to sublime a molecule of S2 from 
the surface, which also involves the breaking of one bond. The surface reac- 
tion is considered to take place in two stages: (1) adsorption of the molecule 
involving the breaking of one bond and (2) removal of the molecule of hydro- 
gen sulphide involving breaking of the second bond, the critical increment 
measured corresponding to the slower of the two processes. The authors also 
assume that the surface contains mainly Ss molecules of which a few are opened 
by the rupture of a linkage and thus polarised. The adsorption of the hydro- 
gen and the oxygen is assumed to occur at these positions. The catalytic 
effect of the oxygen is attributed to simultaneous adsorption of oxygen and 

* J. Chem, Soc., 123 , 1689 ^1923). 

2 loc dt, 

* 2 . anorg. Chem., 58 , 169 (1912). 
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hydrogen at the Iwo ends of the ruptured Sg molecule. The strong attracton 
of the oxygen for the sulphur at on(^ end of t h(' chain vdW cause a weakening of 
the force by which the sulphur is held at the other end and thus lower the 
critical increment of energy n(‘C(*ssary to remove the end sulphur atom as 
hydrogen sulphide. 

Rideal and Norrish^ show lh(‘ union of liquid sulphur and oxygen to 
occur at the liquid surface and also on the walls of the (‘ontaining v(*ssel, and 
to proco(»d as well on the latter as on tlw' former, pointing to the existence of a 
liquid film covering the whok* surface of the vessel. The rea(;tion is propor- 
tional to the oxyg(Ui pressure; the temperature coefficient is 1.63 composite 
of two reactions with coefficients res)H'ctively 1.48 (A) and 1.77 (B). The 
reaction A is independc'nt of pressim^ l>eyond 0.41 atm. The reaction B is 
proportional to the oxygen pressure as far as i atm. pressure. The critical 
incnmient of A is 25750 cals. fcf. preceding); that of B is 37450 cals. Two 
types of sulphur molecules are presumed to be present in the surface layer 
giving rise to tlie A and B reactions. 

Inhibition Phenomena 

Sieve its and Luc'g^ have inv<*stigat<*d the (»fT(H*t of various iwisons on the 
rate of solution of metals in acids. Alkaloids such as nicotine, cocaine, cin- 
chonine were effective, nH{)hthoquinolines, strychnine, brucine, narcotine and 
quinine W(‘re very effective, The extract consisting of the ether soluble basic 
constitu(Ui1s of crude anthracene was most effective. For slight amounts of 
poison, tempeuat lire increase reduces the inhibition; for large amounts it is 
without effect. No obvious connection ladween inhibition and increase in 
ovc'rvoltage could be found. The authors consider* that adsorption of the 
poison on the metal surface accounts for the inhibition which is expressible 


by an empirical equation 


Ko — Ke 


= aC'‘’ where Ko is the uninhibited velocity. 


Kc that with poison conciuitration c; a and b are constants?. 


Simultaneous Action of Catalysts and Radiation 

Kosenmund, Luxat and Tiedcinann^ have investigated the influence of 
ultra-violet light on the rcaidivity of halogen ring compounds in presence 
and absence of catalysts. From the preparative standpoint an indication of 
their results may be gk^aned from the results in the following case, the reaction 
between brom-benzol and sodium iso-amylate dissolved in isoainyl alcohol. 

12 hours heating, with copper, without radiation 5.2^0 Halogen as NaBr 
1 2 hours heating, without cop{x»r, with radiation 34 . S% '' 

1 2 hours heating, with copper and radiation 76 . 

Sodium bromide and the corresponding ether were produced, the temperature 
being the boiling point of the solution. 

Comparison measurements of the velocity constants were made: (i) with 
copper alone; (2) with ultra-violet light alone; and (3) with both agencies, 
in the case of reaction between p brom-benzene sulphonic acid and potassium 


^ J. Chem. Soc., 123, 3202 (1923). 
*Z. anorg, Chem., 126, 193 (1923). 
» Ber., S«, 1950 (1923)- 
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hydroxide solution, under the chosen conditions and at as low a temperature 
as possible. They showed that (i) was extremely slow, (2) was much faster, 
and (3) was at least twice as great as would be calculated from addition of 
(i) and (2). The explanation of (2), the acceleration by light alone, is to be 
attributed to the action of the light in activating the halogen compound. For 
(3) several possible explanations can be given 

(a) Radiation activates the catalyst 

(b) The molecule activated by radiation offers more favor- 
able working conditions to the catalyst. This assumption is favored by 
Rosenmund and co-workers. They had previously shown a more powerful 
influence of copper in thermal reaction when the stability of the halogen in the 
molecule had been reduced somewhat. 

They investigated a number of compounds in which the stability of the 
halogen in the compound increased until they found in p chlor-benzoic acid 
a substance of which Ihe chlorine is held so fast that imder the given working 
conditions, (t = io4°C) copper alone was Inactive. In this case the velocity 
when radiated was the same with or without copper. They therefore conclude 
that the radiation does not influence the copper. 

Schwarz^ thought that Rontgen rays activated contact platinum in the 
contact process, and in the decomposition of hydrogen peroxide. More re- 
cently, Schwarz and Klingenfuss* attribute the greater efficiency of the plati- 
num to a photolysis of the water present giving rise to a more active form of 
oxygen, probably in the form of a peroxide of platinum. 

The suggestion of Ellingei^ that the increased activity was to In* attributed 
to the taking up of electrons by the metal from the radiation, thereby facili- 
tating oxidation processes, is rejected by Schwarz who points out that this 
should hold true equally well whether water were present or absent. The 
presence of watei: was shown to be necessary. 

Poisons 

The elucidation of the mechanism of the action of poisons may result 
in a further contribution to the problem of mechanism in contact catalysis 
itself. Some beginnings of great significance are already evident. Arm- 
strong and Hilditch pointed out some years ago^ that “the amount of toxic 
material necessary for total suppression of catalytic activity is far below that 
required for stoichiometrical combination with even the surface layers of the 
catalyst. The probability that an ‘active catalyst^ is merely an average term 
expressing a surface on which a number of patches of maximum activity occur 
(the greater part of the surface being of quite a low order of activity) offers a 
simple explanation of the discrepancy, selective adsorption of the catalyst 
poison at the relatively few points of maximum activity causing the disap- 
pearance of practically all catalytic effect,” 

» Her., 55 , 1040 (1922). 

Elektrochem., 29 , 470 (1923). 

* Z. physiol. Chem., 123 , 257 (1922). 

* Faraday Society Symposium, Discussion 17 , 670 (1922). 
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This point of view seems to be capable of experimental verification and 
the results of Pease, already cited (loc. eit) are the l^eginnings of quantitative 
exploration of this idea. Pease showed that an amount of mercury which 
reduced the adsorptive capacity of hydrogen to i/2oth of its value before 
poisoning and which reduced the adsorption of ethylene but little, brought 
about a reduction in velocity to i /200th of its value before poisoning. A 
little consideration will show that this is in good agreement with Armstrong 
and Hilditch's conclusion. 

Pease is now extending this quantitative study to the determination of 
the action of carbon monoxide on the combination of ethylene and hydrogen 
in presence of copper. His results to date demonstrate that the carbon 
monoxide molecules required to suppress the reaction, under the conditions 
of the experiment, are markedly k‘ss than the number of hydrogen molecules 
capable of being adsorbed V)y the copper catalyst. This seems to quantila- 
tive evidence that only a fraclion even of the surface which is capable of ad- 
sorbing hydrogiTi is (*apable of accelerating the reaction. 

It will be noted that this id(*a i.« in agreement ^ith conclusions from other 
investigations on the adsorption of (‘atalytic agents, notably those of Benton 
pr(*viously discussed, on primar>^ and secondar>^ adsorptions of carbon monox- 
ide on oxkle catalysts and the paralkdism l)etween the catalytic efficiency and 
primary adsorption data. The conclusion suggests that attention should be 
(^om^eiitrated on adsorptions at low partial pressures and on the heats of ad- 
sorption at these pressures. This complicates the experimental problem 
involved but it se(»ms to be a net»essar>’ complication. 

Co-actions and the Mechanism of Reduction 

Prins' has contributed a suggestive pajx'r on the mechanism of reduction 
and of oxidation reactions when a tliird substance Is present in addition to 
the essential reactants. 

^‘Oxidation readions. Lead jxToxide and manganese ix*roxide are insolu- 
ble in weak acids, but react easily if a third component is present which can 
co-operate in the attack on the jieroxide, by reacting with the surplus of 
oxygem.^' Such a substance may lx* an aldehytle or any other easily oxidisable 
compound. For the same reason an acid which, moreover, can function as an 
aldehyde, like formic acid, dissolves these pcuoxides easily; other examples 
are acids with oiu' or more OH groups, 00 groups etc. 

On the same principle, a weak but easily oxidised ac^id can supplant a 
much stronger one if, under the circumstances the latter contains active oxy- 
gen. 

Thus the nitrates, chlorates, etc,, of the heavy metals am converted into 
formates by the action of formic acid : the simplest method of preparing nickel 
formate consists in adding a saturated solution of nickel nitrate to about 85 
per cent formic add, which is heated on a water bath. A violent reaction 
takes place with evolution of carbon dioxide and nitric oxide and the resulting 
nickel formate separates nearly quantitatively. 


‘ Rec. Trav. chim., 42 , 473 (1923). 
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Reduction reactions. The co-action of three components is of special 
impoilance in the reduction of organic substances with a metal and an acid> 
or with a ferro-, stanno- salt etc., which takes the place of the metal in the 
reduction. 

It is a well-known fact that metals which are practically insoluble in a 
certain acid, become markedly so if this acid co-acts with an oxidising sub- 
stance, but in most cases the course of the reaction is uncertain. 

It is often supposed, that the oxidising agent first forms an oxide and this 
reaction is succeeded by a reaction between oxide and acid. 

But from the fact that compounds like nitrobenzene act just as powerfully 
without being able to form an oxide, it is certain that the primary formation 
of an oxide is not a necessary phase in the reaction. 

Moreover, the action of an oxidising agent is often selective, which can be 
shown even with test tube experiments: e.g. silverfoil is only slowly soluble 
in a mixture of an inorganic acid and hydrogen peroxide, much quicker in a 
mixture of the same acids and potassium bichromate but it dissolves almost 
immediately in a mixture of potassium permanganate and even a weak organic 
acid, such as acetic acid. 

This is not caused solely by the instability of the oxidising agent, because 
neither the unstable hydrogen peroxide, nor the unstable perchromic acid 
have the same influence; it is, obviously, not caused therefore by oxygen in 
statu nascendi. If this were true, hydrogen peroxide would react most 
powerfully. In order to study the co-action in cases where the primaiy 
formal ion of a metal oxide was excluded, we chose some yeans ago^ the 
co-action between a metal, an acid and reducible organic substances such as 
nitrobenzene and benzaldehyde. 

Nitrobenzene accelerates in some cases more than a thousandfold. In 
these cases it was necessary to expose the metal in the other flasks long after 
that in the nitrobenzene solution had totally vanished in order to get a weigh- 
able loss. 

In some instance's, benzaldehyde shows the same property, although in 
a lesser degree, whereas in other ca.ses Ix'nzaldehyde causes a decided decrease 
in the velocity of reaction. 

This retardation, is f)robably due to adsorption either of the benzaldehyde 
or of its reduction products, whereby part of the. surface of the metal tecomes 
inactive. 

An acceleration of about the same order of magnitude takes place in a 
non-ionizing medium like parafin-oil or in one in which the ionisation is very 
small. 

Consider the reaction between the metal and the acid. It is usually sup- 
posed that the metal forms positive metal-ions in the liquid, the hydrogen ions 
taking up the liberated electrons to form a hydrogen atom or molecule. 

Tlie difference in strength of the acids is usually expressed as the magni- 
tude of the ionisation under comparable circumstances, but the cause of this 
difference must be sought in the chemical character of the anion. It is, there- 
^ H. J. Prins: Proc. Akad. Wctensch. Amsterdam, 23, 9 (1921). 
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fore, to be expected that the anion plays an important part in the reaction 
between an acid and a metal; their difference in behavior cannot be explained 
by the concentration of the hydrogen ions, because the latter is, in its turn, a 
function of the acid radicle, which retains the electron and expels the hydrogen 
ion. 

If we consider the case from the purely chemical viewpoint, we have to 
account for the different results obtainable with different combinations of 
metal and acid and for the obvious co-action between the three components. 
This may be done as shown by Prins,' by considering the reciprocal changes 
of the equilibrium between atomic and link-energy caused liy the collision 
of two molecules. 

The oxygen atom and the metal atom coming within their mutual sphere 
of action lose potential encrg>% which is partially taken up by the chain 
0 = C — O— H, causing a disturbance of the equilibrium betwwn atomic and 
link energy, which finally causes an increase in the atomic encrg\^ of the hy- 
drogen atom. An analogous activation occurs in the chain of metal atoms on 
the surface of the metal. In this way an activation is reached by asymmetric 
complex formation. If the (‘ompound is split up by taking up energ>’ (for 
example through collision with a third molecule), th(‘ components leave the 
compound in a state of incTcased activity.® 

The initial reaction is caused by the affinity betwi»en the unsaturated 
oxygen atom and the metal and the phenomenon will be a purely chemical 
one in a non-ionising medium®. If at the same time a reducible compound is 
present, the reaction proceeds further: the reducible compound takes up the 
activated hydrogen and a luf'tallic salt is formed. As opposed to this the action 
of an acid upon a metal in an ionising medium consists in the discharging of a 
hydrogen ion by the metal, a reaction which is probably hampered by the 
adsorption of the undissociated molecule upon the metal. 

The fact that the reduction can take place with the non-ionized molecules 
explains the fact that even in 8o pcT cent acetic acid, the reduction reaction 
can attain enormous velocities, notwithstanding the small concentration of 
the hydrogen ions. The reduction i*eaction is then a polymolecular n'action 
with at least three components: acid, metal and redueibk* substance. 

An acceleration in the hydrogen evolution bi'twTcu for example zinc 
and 80.3 jK>r cent acetic acid is only causi^d by phenyl hydroxylamine in the 
prc'sence of nitrobenzene, if the concentration of the latter is small. A piece 
of zinc, after etching with dilute hydrochloric acid gives a marki'd evolution 
of hydrogen in acetic acid 80.3 per cent at 52®. This evolution stops immedi- 
ately if so much nitrobenzene is added that the solution becomes 0.75 molar. 
A molar solution of phenylhydroxylamine does not stop the evolution, but 

* Chem. Weekhlad 14 , 68 (1917) . 

* H. J. Prins: Kec. Trav. chim. 42 , 25 (1923). 

* The same activation takes place with other oxygen containing substances e.g. 
nitrobenzene, ketones, aldehydes and the effect upon the hydrogen evolution depends upon 
the velocity with which the substance is reduced in connection with the magnitude of the 
adsorption. In accordance with this view with more negative metals like sodium the 
activation of the metal is not the last stage of the reactions with active oxj^gen containing 
substances, but proceeds till a metal atom is extracted from the surface. 
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if SO much nitrobenzene is then added, that the solution becomes 0.75 molar 
with regard to nitrol)enzene, the evolution of hydrogen stops again immediate- 
ly; if these substances are added in the reverse order the result remains the 
same. Anilipe in molar concentration has no appreciable influence upon the 
hydrogen evolution.* 

From this we may conclude; i. that the hydrogen ion if it is adsorbed 
upon the surface of the zinc, can be supplanted by the nitrotenzene or its 
immediate reduction product, if the nitrobenzene is present in a sufficient 
amount. 2. that the nitrobenzene molecules or their immediate reduction 
products either cover the surface totally or cannot be supplanted by the 
phenylhydroxylamine molecules. 3. aniline is not adsorbed to an appreciable 
extent. 

It is therefore probable that nitrobenzene is strongly adsorbed and rapidly 
reduced, phenylhydroxylamine less strongly ad8orl)ed and aniline practically 
not at all, the cause of this must be sought in the diminishing chemical activ- 
ity of the characteristic groups NO2, NHOH, NH* towards zinc, thus exhibit- 
ing the close relationship between adsorption and chemical reaction The 
adsorption obviously turns the oxygen atom towards the zinc; with removal 
of the oxygen atom the adsorption vanishes. 

’ The action of phonylhydroxylamine may be demonstrated as follows; Etched sine 
is heated in a test tube with about 80 per cent, acetic acid to boiling, then the tube is cotded 
till the hydrogen evolution becomes imperceptible, addition of a small quantity of phenyl 
hydroxylamine directly causes a marked hydrogen evolution. In an analogous wav the 
action of nitrobenzene may be demonstrated. 



INDUCED OXIDATION AND THE EXPLANATION OF THE 
INTERNAL USE OF IRON SALTS AND OF FEVER 


BY N. K. DHAR 

Since the days of Lavoisier, the phenomenon of slow oxidation has at- 
tracted numerous workers, especially l)ecause the great biological phenomenon 
of life mainly depends on slow oxidation. 

The immortal chemist Lavoisier was the firs! to apply the balance and the 
thermo met(T to the investigation of the phenomenon of life and he declared 
in 1780 *^La vie est une fonction chimiqiie/’ The work of today is but the 
continuation of that done a century and more ago. Lavoisier and Lapla(‘c 
made experiments on animal heat and respiration. Lavoisier declared that 
life processes wen^ those of oxidation with the resulting elimination of heat. 
The fundamental fact that Ihe quantity of oxygen absorbed and of carbon 
dioxide given out dcqxMids primarily on (i) food (2) work and (3) temperature, 
was established by Lavoisier within a few years after his discovery that oxygen 
supported combustion. Writing in 1840 Regnault and Reiset remarked 
^TjCs recherches modernes out confirm^ c(‘S vues profondes de Tilhistre 
savant.*’ It was however, quickly noted that if carbon and hydrogen bum 
in the lungs, the great(^st heat would !m' (k'veloped then', a result not in ac- 
cordance with ol»serva1ion. It was then suggested that the blcKxl dissolves 
oxygen and that the production of I'arbon dioxide and water took place through 
oxidation within the blood. Through the critical studies of Liebig which were 
published in 1842, it was ol^^erved that it was not carbon and hydrogen which 
bum in the body, but protein, carbohydrates and fat ; it was also proved that 
the amount of oxygen needed in metabolism de]xuids upon the chemic'al com- 
position of the material tlmt burns in the crganism. 

HUbner showed that if the diet were increased from a medium to an abun- 
dant supply the metulM)lisni as indicated by the heat production increases. 

The fact that food materials, not affected by molecular oxygen at ordinary 
temperatures, are oxidised with the greatest ease within the animal body into 
their end-products is a really wonderful phenomenon. Oik' can at once realise 
how remarkable this is by reflecting upon the intense heat required to burn 
completely a bit of protein upon a platinum foil, although it is extremely easy 
for the body to break down a large quantity of protein. 

Traube seems to have lx?en the first to adopt the idea of an oxidising fer- 
ment and to give expression to the happy idea that there occur in the body 
readily oxidisable substances which have the power of transferring the oxygen 
in the active form to substances which are oxidisable with difficulty, such as 
the food materials. 

We have been successful in imitating these biological processes in the lab- 
oratory. In studying induced rcations we have found out that substances 
like starch, cane sugar, etc., which are not directly oxidised at ordinary tem- 
peratures by atmospheric oxygen, can be oxidised by the same agent when they 
are mixed with substances like sodium sulphite or freshly precipitated ferrous 
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hydroxide which themselves undergo oxidation in air. Thus, oxidation has 
been induced^ in the following substances in presence of Na2SOa or freshly 
precipitated Fe(OH)2: urea, starch, grape sugar, cane sugar, K2C2O4, CHj- 
COONa, sodium potassium tartrate, sodium formate, sodium citrate, acetone, 
chloral hydrate, chloroform, glycerol, quinine sulphate, sodium succinate, 
methyl alcohol, ethyl alcohol, phenol, glutaric acid, maltose, potassium 
stearate, cholesterol, anthraquinone, acetanilide, brucine, phenolphthalcin, 
gum arabic, etc. 

The wide application of these induced reations is evident from the fact 
that these various compounds which do not undergo oxidation by atmospheric 
oxygen under ordinary conditions can be readily oxidised when mixed with 
Na2S08 or freslily precipitated Fe(OH)2 wliich is itself being oxidised. It 
is evident that there will be different stages of oxidation of these organic com- 
pounds until the final products of oxidation are obtained. It is impossible 
to ignore the importance of these reactions in their relation to the phenomenon 
of oxidation and reduction in the animal body. It is well known that a mole- 
cule of stearic acid taken into the body in the form of fat undergCK's combustion 
so that eventually each of its 18 carbon atoms will become converted into 
carbon dioxide. But no one imagines that such a change is immediate or 
direct, or that every carbon atom simultaneously parts with its attached 
H-atoms and by combining with oxygen yields CO2 and H2O. We have 
brought about the same change in the laboratory with potassium stearate by 
inducing its oxidation through the oxidation of Na^^SOa or Fe(OH)2 by passing 
oxygen tlirough the mixture at the ordinary temperature. In the animal lK)dy, 
acetic acid is oxidised with great ease into CO2 and H2O, though it is resistant 
to strong oxidising agents such as chromic acid, potassium permanganate, 
etc. Its oxidation in the laboratory has been effectc'd by us wi\b the help of 
sodium sulphite or ferrous hydroxide when it is being oxidised by passing oxygen 
through it. Oxalic acid although voiy readily oxidised by many laboratory re- 
agents is oxidised with great difficulty in the animal body; wc have also obser- 
ved that oxalic acid is only very slowly oxidised by passing air through a solu- 
tion of oxalic acid or an oxalate containing a sulphite. The substances under- 
going active metabolism in tb(' animal body, comprising the proteins, car- 
bohydrates, fats, and their derivatives are practically resistant to oxidation 
by oxygen under ordinarj^ conditions. Yet in the animal body the carbon 
of these compounds is readily oxidised to carbon dioxide. It is generally con- 
ceded that the same process of activation of the atmospheric oxygen must 
take place in the body in order to account for the observed chemical changes. 
It is remarkable that a very large number of biochemical oxidations have 
been imitated by us in the lalx)ratory by the simple process of induced oxida- 
tion as already mentioned. 

It has been shown in a previous paper that the oxidising power of hydrogen 
peroxide at the ordinary temperature is greatly accelerated in presence of 
ferrous and ferric salts.^ Thus, if tartaric acid or starch or sugar and hydrogen 

1 Compare Dhar: Proc. Akad. Wetensch. Amsterdam, 33, 1074 (1921): Mittra and 
Dhar; Z. anorg. Chem. 122, 146 ( 1922 ), 

*Dhar: J. Chem. Soc. Ill, 697 (1917). 
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peroxide be brought together at the ordinary temperature, hardly any chemical 
reaction takes place ; but, as soon as a ferrous or ferric salt is added, oxidation 
of tartaric acid or starch takes place rapidly. Reactions of this type are of 
great importance in explaining the oxidation in the* human body. The food 
in the animal body is oxidised by the atmospheric oxygen, giving us heat and 
energy. In the animal body there is evid(mce with regard to the formation 
of the peroxide from the oxygen taken up by the animal and this |x^roxide 
oxidises the fcx)d taken up in the body. We hav(* shown in the laboratory that 
the activity of H2O2 at the ordinary temperatures is acc(*lerat('d markedly by 
the presence of ferrous or ferric salts. Similarly, in the animal body, iion in 
the haemoglobin pres<‘nt in the Idood accelerates catalytically the oxidation 
of the food stuff by tb(‘ p<Toxide formed in the body from th(* ii^haled oxygen. 
When there is a dchcit^ncy of inm in the blood, the animal body 'suffers from 
anaemia lxM*ause the amount of catalyst necessary for r(*gular oxidation falls 
short. At this stage any iron salt taktm into the system will supply the natural 
deficiency and the necessary amount of oxidation will take pla(H^ This is the 
probable mechanism of tl)(‘ internal use of iron salts, whether ferrous or f(‘rric, 
in medicine. 

C’uriously (‘nough oxalic acid is only slightly oxidised l)y hydrogen peroxide* 
aidf'd by a ferrous or a ferric salt, although it is readily oxidised by many 
laboratory reagents; in the* animal body oxalie* acid is oxidised with great 
difficulty. 

lr<>n in some form or othf'r is essential to the* life of many, fxaha ps, all 
forms of protoplasm. In the vertebrates this is obscured by the fact that most 
of the iron is contained in the haemoglobin of the blood, and its importance 
in other tissue's is generally ignore el. In the* invertebrates, however, in many 
of which no e'orresponeling ce)mp(nmel exists in the bl(x>el, e*emsiderable amotints 
of iron are* found in the tissue's anel there* is no quest iem but that, throughout 
the animal kingdom, iron is essentia! to li\nng matte'r. It has Ix'e'n prove'd that, 
it is also nee*e'ssary feir the deve*lopnient of lower vegetable* forms anel it has 
been foiniel that in its abse'iie'e the* highe*r plants fail to form chle)rophyll. The 
presence* of iron plays an important part in the oxidation rea(*tie)ns in plants 
and animals. 

Ire>n has beM*n long used in the* tre'atnie'nt of atuiemia more <*spe*cial]y of the 
form know'll as e*hlore)sis anel it w’as tacitly assumed that it was re*adily al> 
sorbed from the alimentary tract anel was utilised by the tissues te> form 
haemoglobin. Nothing is definite*ly knowm regareling the changes which the 
pre*j)arations imelorgo in the? stomach and in the intestines or the form in 
whie;h the iron is absorbed. I am of the opinion that at least a part of the iron 
added to the system is taken up in the liaomoglobin. If the iron is adminis- 
tered in the ferrous state, it passes into the ferric condition in the body and 
usually exists as a part of a complex radical and in a colloidal condition. This 
complex, by coming in contact with the peroxide formed from the* inhaled 
oxygen, forms a higher oxide of iron which oxidises food materials. In medi- 
cine almost any ferrous or ferric salt , pref erably of weak acids or as part of a com- 
plex ion, can be used, liecause the mechanism will be nearly the same in all cases. 
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There is another important factor which should not be lost sight of. In 
the foregoing pages, it has been observed that the oxidation of substances like 
NaaSOs or Fe(OH)2 can induce the oxidation of materials like fats, proteins, 
sizars, starch, etc. It seems probable, therefore, that in the animal body 
there exists readily oxidisable substances, which may be enzymes containing 
traces of ferrous or manganous radicles in complex colloidal condition; and 
the oxidation of these substances induces the oxidation of food materials. 

I shall now try to discuss the phenomenon of fever from the point of view 
of catalytic chemistry. By fever is generally understood a complex of phe- 
nomena, the dominant characteristic of which is a rise of body temperature. 
In a foregoing paper^ it has been proved that, in general, increase of tempera- 
ture increases the metabolism in the animal body if determinations are made 
xmdcr standard conditions. It has also been observed in that paper that tem- 
perature has a very marked effect on the killing of toxins and bacteria by 
antitoxins and antiseptics. This marked influence of temp)erature is extremely 
useful for men and animals. When a toxin enters the system, the temperature 
of the body usuafly rises by two or three degrees and we get the phenomenon 
of fever and the poison is destroyed about lo or 20 times more quickly at this 
fever temperature. Why is this rise of temperature? I am inclined to the 
view that the phenomena of fever is really an autocatalytic reaction. It is 
well known that the body heat is obtained by the oxidation of food stuffs by 
the atmospheric oxygen which is inhaled. In the foregoing pages, it has been 
said that the amount of heat generated in unit time, depends on the nature 
of the food material taken and it also depends on the velocity of the oxidation 
of the food material. I am of the opinion that when a poison enters the body 
it secretes a fluid which acts as a positive catalyst in the oxidation of foodstuffs 
by the inhaled oxygen. For example when a malarial parasite entei*s the body, 
either the parasite itself or its secretion, which is taken up by the blood, acts 
as a posit ive catalyst in the oxidation of the food material by the oxygen of the 
blood. In other words, the speed of oxidation becomes greater in presence of 
the parasites or their secretions and hence the amount of heat generat(^d per 
unit time tecomes greater and we get the phenomenon of fever. If no extenial 
food material is used, the fats and proteins in the body will be consumed and 
that is why a person suffering from fever becomes thin and loses weight. 
It has already been said that when the body temperature rises, the amount 
of oxidation, like all other chemical changes, becomes greater with the increase 
of temperature and that is the reason why I call fever an autocatal3dic chemi- 
cal change in the animal body. Apparently there are two causes of increased 
oxidation in the phenomenon of fever. One is the catalytic acceleration of 
oxidation of food materials due to the presence of parasites or their secretions 
and the second is due to the increased temperature of the body which causes 
an increase in oxidation. 

In a discussion of fever one must consider two possible causes: (i) an in- 
crease in heat production; and (2) a decrease in the facilities for the discharge 
of heat produced. It seems to me, from a survey of the literature on fever, 

^ Dhar: Proc. Akad. Wetensch., .23, 44 (1920). 
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that physiologists and bio-chemists have no definite opinion about the origin 
of the rise in temperature. Hence I venture to bring the above suggestion for 
their consideration. 

It is well known that the action of metals on nitric acid becomes more and 
more rapid as the chemical change progresses; Irecause the chemical change 
is largely accelerated by nitrous acid which is a product of the change. Simi- 
larly the action of formic acid on iodic acid or nitric acid is an auto-catalytic 
change. To my mind fever resembles these auto-catalytic changes. 

Summary and Conclusions 

1. The oxidation of sodium sulphite or of ferrous hydroxide by air or 
oxygen can induce the oxidation of substances like fats, proteins, sugar, 
starch, etc., at the ordinary temperature. 

2. It is likely that in the animal body there exist readily oxidizable sub- 
staiKics, which may be enzymes containing traces of fi'rrous or manganous 
radicles in complex colloidal condition and the oxidation of these substances 
induces the oxidation of food materials. 

3. The oxidizing power of hydrogen jieroxide on starch, sugar, tartaric 
acid, etc., is greatly accelerated by traces of ferrous or ferric salts at the oidi- 
nary temperature. 

Similarly in the animal Iwdy, the iron in the blood accelerates eatalytically 
the oxidation of food stuffs by the peroxide formed in the body from the in- 
haled oxygen. When there is a deficiency of iron in the blood, the animal be- 
comes anai^mie. At this stage any iron salt taken in the lx)dy will supply the 
natural deficiency and the necessary amount of oxidation will take place. 

4. It is .suggested that fever is an auto-cat aly tie reaction. The oxidation 
of substances like starch, sugar, proteins, etc. by oxygen in the animal body 
is Wlieved to l)e eatalytically accelerated by parasites or secretions of bacteria. 
Hence the amount of heat generated in the animal body p('r unit time is in- 
creased and the phenomenon of fever is ol)served. Moreover, like all other 
chemical changes, the amount of oxidation in the animal body per unit time 
is also increased by the incipient rise of temperature. 

Chemical Ijoboratory, 

Muir Cenlral College, 

Atlahahod 

April 4 , 1B24- 



NEGATIVE AND POSITIVE CATALYSIS AND THE 
ACTIVATION OF MOLECULES 

BY N. R. DHAR 

In i8ii Kirchhoff observed that mineral acids converted starch into 
dextrine and sugar, but that the acids themselves did not undergo any change. 

More than a century ago Dobereiner showed that spongy platinum caused 
hydrogen to ignite in contact with air. Since then many facts have been 
added in the domain of catalysis, and industrial developments have been made; 
but hardly any substantial light has been thrown on the mechanism of cata- 
lytic reactions in general. In the following pages an attempt has been made 
to explain the mechanism and to unify catalytic phenomena (positive and 
negative) from considerations based on the formation of intermediate com- 
pounds. The importance of recent work of physicists on radiationless trans- 
fer of energy in the problem of activation of molecules and atoms and in cata- 
lysis in general, has also been emphasised. 

Negative Catalysis 

In the foregoing papers' the subject of negative catalysis has been inves- 
tigated and a mechanism of negative catalysis in several oxidation reactions 
has been suggested baaed on intermediate compound fonnation. The follow- 
ing lines of argument were advanced in those papers. The same considera- 
tions can be extended to several other cases of negative catalysis. 

It is well known that a solution of sodium arsenite is not oxidised by at- 
mospheric oxygen under ordinary conditions. On the other hand, a solution 
of sodium sulphite is readily oxidised to sodium sulphate. If we mix the two 
together and expose the mixture to air or oxygen, the oxidations of arsenite 
and of sulphite go on simultaneously. At the same time a curious phenomenon 
takes place — the velocity of the oxidation of sodium sulphite becomes very 
small in presence of sodium arsenite. In other words, sodium arsenite which 
is undergoing a slow oxidation acts as a powerful negative catalyst in the oxi- 
dation of sodium sulphite. Similarly the solutiori of an oxalate which also 
undergoes slow oxidation in pre.sence of sodium sulphite, which is itself being 
oxidised, slows down to a marked extent the oxidation of sodium sulphite by 
atmospheric oxygen, moreover we have observed that manganous hydroxide, 
ferrous hydroxide and sodium thiosulphate which are slowly oxidised by pass- 
ing oxygen in presence of a solution of sodium sulphite retard markedly the 
oxidation of sodium sulphite. Also ferrous salts retard the oxidation of stan- 
nous salts in air. It appears probable, therefore, that the phenomenon of 
negative catalysis in oxidation reactions is possible only when the catalyst is 
liable to be oxidised. I have observed that manganous salts act as powerful 

‘Dhar: J. Chem. 8oc. Ill, 707 (1917); Proc. Akad. Wetensch. 23 , 1074 (1921); 
Dhar and Mittra: Trans. Faraday Soc. 14 , i, 17 (1922). 
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negative catalysts in the oxidation of formic and phosphorous acids by chromic 
acid, and mahganous salts easily pass into the manganic state. Moreover it has 
been shown by various investigators that organic substances, notably quinol, 
brucine, sugars and other reducing agents, act as negative catalysts in the oxi- 
dation of sodium sulphite by oxygen. It is well known that the oxidation of 
phosphorus by oxygen or air is retarded by the vapours of various organic 
substances e.g. ether, alcohol, turpentine, etc., and that the oxidation of 
chloroform is retarded by the presence of a small quantity of alcohol. 

According to Moureu and Dufraisse* a trace of quinol can suppress the 
oxidation of benzaldehyde. Moreover Lifschitz and Kalberer- have shown 
that ether retards the slow oxidation of various magnesium alkylhalidcs of the 
(frignard type, which oxidation is revealed by luminescence on exposure of the 
substance to air. Similar retardation has been observed by Del^^pine® in the 
oxidation of organic sulphur compounds by air. 

Now all these negative catalysts are good reducing agents and are them- 
selves readily oxidised. Hence in oxidation reactions, the phenomenon of 
negative catal3'sis takes place when the catal3^st itself is liable to be readily 
oxidised. 

Schdnlx'in first noticed that when certain substances are undergoing oxida- 
tion spontaneously' by atmos])heric oxy'gen, one part of the oxygen combines 
directly with the substance undergoing oxidation — w'hilst another part of it, 
is either converted into ozone or hydrogen peroxide, or oxidises some other 
substances simultaneou.sly. Schonbein demonstrated .still further that just 
so much oxy'gen is rendered active as is consumed by the substance w'hich is 
being oxidised; or, in all slow oxidations, the same amount of oxygen is re- 
(juired as is consumed in the formation of h\'drogen peroxide from W'ater or is 
consumed in the induced oxidation. Later investigators like Jorissen, Engler 
and Wild have verified the; law' of Schonbein in several cases. If w'c expose a 
mixture of sodimn sulphite and arsenite to atmospheric oxy'gen, according 
to Schonl)ein, one atom of oxygen should go to oxidise sodium .sulphite, while 
the other oxygen atom would oxidise a molecule of sodium arsenite in the same 
time. The oxidation of sodium arsenite is a very slow^ chemical change and in 
order that Schdnbein’s law' l>e applicable it follows immediately that the oxi- 
dation of sodium sulphite, wdiich is fairly rapid should become a slow' change 
and the velocity of this oxidation should become equal to that of the oxidation 
of sodium ai-senite by oxygen, because the same amount of oxygen will be 
taken up by the reducing agent at the same time. As a matter of fact, from 
our experiments, we find that in presence of sodium arsenite or potassium 
oxalate, or ferrous hydroxide or manganous hydroxide, the velocity of oxida- 
tion of sodium sulphite by air becomes very small. We assume that a mole- 
cule of oxygen splits up in this reaction into two atoms and each atom oxi- 
dizes one of the reducing agents. Now as a solution of sodium sulphite is much 
more readily oxidized than a solution of sodium arsenite, it becomes difficult 

‘ Compt. rend. 174 , 258; 175 , 127 (19^2). 

* Z. physik. Chem. 102, 393 (1922). 

* Bull. 31 , 762 (1922). 



to understand why the other oxygen atona instead of attacking the readily oxi- 
dizable unattacked sodium sulphite, prefers to react with the much more diflS- 
cultly oxidized sodium arsenite. Or if we assume that at first a peroxide of 
the type of Bodlander^s benzoyl peroxide is formed as a combination of the 
sodium sulphite with a molecule of oxygen, we are still encountered with the 
same difficulty. In this case we shall have to assume that this peroxide, in- 
stead of attacking the readily oxidizable sodium sulphite, will react with the 
less readily oxidizable sodium arsenite by preference. It seems, therefore, 
that the only course left to us is to find out the explanation in the theory of 
the formation of a complex of sulphite and arsenite or of sulphite and oxalate, 
this complex being oxidized as a whole. It is well known that complex sul- 
phites and oxalates do exist. I have observed in a previous paper^ that, in 
the oxidation of sulphites and sulphurous acid, the sulphite ion is the active 
agent. If we decrease the concentration of the sulphite ion we can decrease 
the rate of the chemical change, and a solution of H2SO8, which is a weak 
acid containing few SOs" ions, is oxidised less readily than a solution of so- 
dium sulphite of the same concentration. On the addition of an arsenite to 
a sulphite a complex which itself is oxidized as a whole is formed, at the same 
time the velocity of oxidation of sulphite becomes less due to the decrease in 
the concentration of the sulphite ions arising out of the formation of a com- 
plex of arsenite and sulphite or of SO3" and an oxalate. Hence it seems that 
the only plausible explanation of negative catalysis in oxidation reactions 
stands on the theory of formation of unstable, intermediate compounds of the 
catalyst and one of the reacting substances. These views^ were advanced 
more than three years ago. In a recent paper Taylor® has come to similar 
conclusions with regard to the retarding influence of water on the decomposi- 
tion of oxalic acid by concentrated sulphuric acid, decomposition of diazoacetic 
ester, etc. (Consequently the consensus of opinion at the present moment is 
in favour of the view that intermediate compounds are formed in the phenom- 
enon of negative catalysis. 

From considerations based on chemical dynamics Ostwald criticised ad- 
versely the conception of intermediate compound formation in the explanation 
of catalytic phenomena. He advanced the argument that in order to explain 
positive catalysis by the theory of intermediate compound formation, it was 
necessary to show that the intermediate reactions actually took place more 
readily than the direct reaction under the given conditions; because if a reac- 
tion proceeded more slowly through an intermediate product than the direct 
path, it would take the latter and the possibility of intermediate products 
cot|ki have no influence on the process. ‘'Hence'' added Ostwald^ “I see no 
possibility of explaining retarding catalytic influences by the intermediate 
products." 

^ Dhar: Versl. Akad. Wetensch. 29 , 479 (1920). 

*Dhar: Proc. Akad. Wetensch. 1921, 23 , 1074 (1921). 

* J. Phys. Chem. 27 , 522 (1923). 

* Nature, 65 , 522 (1902). 
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My arguments in favour of the view of intermediate compound formation 
as an explanation of negative catalysis have already been put forth and the^’' 
are certainly based on considerations of the velocity of chemical changes in- 
volved. 

In a foregoing paper^ it has been proved that the oxidation of sodium 
formate by iodine is a bimolecular reaction and the change takes place accord- 
ing to the following equation HC00Na+l2 = HI+NaI+C02. The iodine is 
dissolved in potassium iodide. The reaction is retarded by iodide ions and 
hence there is a slight lowering of the velocity coefficient as the reaction pro- 
ceeds, due to the continued increase in the concentration of the iodide ions 
which are products of the reaction. One peculiar point has been observed 
namely, that, if there is a definite concentration of potassium iodide, the velo- 
city coefficient does not depend on the concentration of iodine, but the velo- 
city coefficient falls off if we start with a definite concentration of iodine 
and increase the concentration of KI. 

This effect cannot be explained from the mass action equilibrium KI+I 2 
::<z±Kl8. When we use 1.27 grams of iodine and 5.4132 grams of KI we get 
ki at 25° = 0.00196 and when we use 0.635 grams of iodine and 2.7066 grs of 
KI, ki becomes 0.00379. The concentrations of sodium formate in these two 
cases are equal and according to the mass action equilibrium the velocity co- 
efficient should be the same. 

Similarly the oxidation of sodium formate by HgCl 2 is rejtarded by chloride 
ions. From the experimental results it has been observed that in this case 
also the velocity coefficient was independent of the concentration of HgCU. 
If however, the effect of the chloride be simply to form a complex with mer- 
curic chloride, HgCb+K^'l — RHgCla the velocity coefficient would naturally 
depend on the concentration of HgCl 2 . The oxidation of potassium oxalate 
by iodine is also retarded by iodide ions. Similarly the oxidation of potassium 
oxalate by HgCU is retarded by chloride ions. 

All these oxidation reactions are retarded by hydrogen ions, because in 
these oxidations the formate and oxalate ions are taking part. Similarly we 
have proved that in the oxidation of sodium sulphite by air, the sulphite ions 
are active. 

These cases of negative catalysis are similar to those on the influence of 
HBr on the hydrolysis of bromosuccinic acid studied by Miiller- and on the 
hydrolysis of several organic halogen acids studied by Senter and Porter^ 

Temperature Coefficients of Catalysed and Non-catalysed Reactions 

From my researches on the temperaturp coefficients of thermal and photo- 
chemical reactions the following general results have already been established : 

I. A positive catalyst diminishes and a negative catalyst increases, the 
temperature coefficient of a reaction, the decrease or increase being the greater, 
the higher the concentration of the catalyst. 

* Dhar: J. Chem. Soc. Ill, 707 (1917). 

* Z. physik. Chem. 41 , 483 (1902). 

* J. Chem. Soc. 99 , 1049 (1910). 
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2. When light acts as an accelerator, the temperature coefficient of a re- 
action carried on in light is smaller than that of the reaction in the dark. 

3. Reactions which are very sensitive to the influence of temperature are 
also sensitive to the influence of light. 

4. The simpler the order of a reaction, the greater is its temperature co- 
efficient. In other words, uni-and bi-molecular reactions have higher tempera- 
ture coefficients than multimolecular ones. 

Physiological processes mostly take place in heterogeneous medium. The 
Brownian movement of the colloidal particles present in the reacting sub- 
stances does away with the diffusion layei characteristic of heterogeneous 
reactions, and makes the physiological processes similar to positively catalysed 
reactions taking place in homogeneous medium. Consequently the tempera- 
ture coefficients of physiological processes, instead of being small (about 
1.2) are generally greater than 2 for a 10® rise. 

In calculating the temperature coefficient of a reaction the Arrhenius 
formula log ki/k2 = A(Ti— T2)/TiT2 is applied. Consequently the value of a 
temperature coefficient for a 10° rise becomes smaller as the temperature 
rises. Experimental results on the determination of temperature coefficients 
of chemical reactions have always supported the eonclusion that the tempera- 
ture coefficient becomes smaller as the temperature rises. Consequently, 
in all my work on the temperature coefficients of catalysed and uncatalysed 
reactions comparisons of temperature coefficients have been made between 
the same temperature interval. 

On page 332 of Taylor^s paper (loc. cit) the following occurs in connection 
with the temperature coefficient of the action of strong sulphuric acid in 
presence of a trace of water; ‘Therefore the temperature coefficient of the 
whole decomposition process should diminish with increase of water content 
in the solution. This is actually the case. The higher value, 4.42, of the 
temperature coefficient is for a dilution of 0.1% water in the interval 25^-35° 
C. At 7 o°-8o° C for a 3% water concentration, the temperature coefficient of 
3.35 is obtained.’' I have already said that the temperature coefficient of a 
chemical change falls off as the temperature rises. If w^e calculate according 
to the Arrhenius formula, the temperature coefficient between the interval 
7 o°- 8 o° with 0.1% water concentration in the decomposition of oxalic acid 
by sulphuric acid, we get a value 3.08 which is less than that obtained with 
3% water concentration between 70^-80° C (3.35). Hence the conclusion of 
Taylor is erroneous. These results of Bredig and Lichty can be readily ex- 
plained on our theory that a negative catalyst increases the temperature co- 
efficient of a reaction. Water is a negative catalyst in the above reaction and 
the greater the concentration of water the greater is the retardation and 
consequent increase in the temperature coefficient. 

Consequently in presence of 3% water the temperature coefficient of the 
reaction between oxalic acid and sulphuric acid should be higher than that 
with o.io water. The results of Bredig and Lichty are in agreement with our 
general conclusions already cited. 
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There is a difficulty with regard to the action of sulphuric acid on oxalic 
acid; the reaction is represented as H2C204+H2S04==H20+CX)+C02+H2 
SO4. Bredig and Lichty have shown that the chemical change follows the 
unimolecular formula. The negative catalyst, water, is being formed con- 
tinually as a product of the chemical change; consequently the unimok'cular 
coefficients, instead of remaining constant, should decrease as the change 
proceeds. Similarly Meyer’s work^ on the reaction between formic acid and 
sulphuric acid show that an unimolecular coefficient is obtained, although the 
negative catalyst water is being (jontinually formed in the system. Experi- 
mental work is in progress in these laboratories to settle these points and other 
cases of positive and negative catalysis. 

Some comment should be made on accepted views about the temperature 
coefficients of photochemical reactions. Hitherto the opinion has been gen- 
erally held that in light the temperature coefficient of photochemical reactions 
should be about unity. On the contrary my researches prove that the tem- 
perature coefficient of a reaction occurring in light may have any value but it 
will be smaller than that of the reaction in the dark if light acceh^rates the 
change. The diminution of temperature coefficient depends on the accelera- 
tion of the reaction in light‘s. 

It is well known that if light of definite wave-lengths falls on metals like 
Na, K, Os, etc., electrons are given out at ordinary temperatures. The photo- 
electric emission of electrons is hardly affected by increase of temperature. 
On the other hand thermoionic emission is greatly increased by increase of 
temperature. Ordinarily, chemical reactions carried on in the dark are ex- 
pected to obey the sam(' laws as govern the emission of electrons from heated 
substances, whilst ideal photochemical changes should follow the same laws 
as are applicable to photoelectric emission. In reality, ideal photochemical 
reactions are very rare* and that is why the temperature coefficients of many 
photochemical reactions are usually greater than unity. 

Positive Catalysis and its Mechanism and the Activation of Substances 

In many cases of positive catalysis consistent explanations can be given of 
the phenomena if we assume that intermediate compounds are formed. Let 
us take the decomposition of potassium chlorate by heat in presence of MnOo 
and other manganese salts. If ordinary KCdOs is heated till it melts and is 
allowed to cool the solid usually shows a light pink colour. The reason of the 
pink colour is this; — the chlorate ordinarily is obtained from chlorine prepared 
by the Weldon method and the chlorine thus prepared carries with it a little man- 
ganous salt. Hence the potassium chlorate is contaminated with a little man- 
ganous salt. If the potassium chlorate is fused the manganous salt is changed 
into permanganate by oxidation with potassium chlorate and hence the pink 
colour. Several years ago McLeod® threw out the suggestion that possibly 
potassium permanganate would be an intermediate stage in the decomposi- 
tion of KCIO3 in presence of Mn02 by heat, but he could not actually obtain 

» Z . Elektrochein. 15 , 506 (1909). 

*Dhar. J. Chem. 80c. 123 , 1856 (1923)* 

« J. Chem. Soc. 55 , 184 (1889). 
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any permanganate by using KClOs and Mn02. By utilising MnS04 instead 
of MnOa as a catalyst we have been able to obtain KMn04 directly as an inter- 
mediate substance in the decomposition of KClOa in presence of manganese 
salt. Quantitative experiments are in progress in this laboratory, which show 
that appreciable quantities of MnS04 are converted into KMn04 when 
MnS04 is added to KClOs which has just melted. KClOs does not begin to 
decompose till it attains the temperature of about 450® C whilst KMn04 
decomposes at about 250^0. Consequently the ready decomposition of KCIO3 
when it is just melted in presence of Mn02 or manganous salts is readily ex- 
plained. The intermediate product KMn04 which is formed decomposes at 
the melting temperature of KCIO3. 

It is well known that in the chamber process of the manufacture of H2SO4, 
the SO2 is oxidized very readily by nitrogen peroxide which is obtained by the 
action of oxygen on nitric oxide. In this as well as in the previous cases, the 
activation of the chemical changes involved can be readily explained on the 
theory of the formation of intermediate substances which favour the chemical 
changes. The velocity of oxidation of SO2 by molecular oxygen is small 
whilst through the intervention of nitric oxide which in its turn becomes con- 
verted into nitrogen peroxide, the speed of the oxidation of the SO2 is in- 
creased. 

In the contact method of H2SO4 manufacture the speed is increased by 
spongy platinum, platinised asbestos, platinum black, or any other substance 
of this type. 

What is the mechanism of this activation? If we can assume that the 
catalyst platinum black converts a molecule of oxygen into oxygen atoms, 
then the mechanism would have been clear, because an atom of oxygen is 
certainly more active than a molecule of the same substance. When a mole- 
cule is converted into atoms it takes up energy. Thus about 80000 calories 
of heat are necessary to atomise a molecule of hydrogen. What is the origin 
of this energy? If the adsorption of oxygen by platinum black could take up 
heat, then we could have imagined that the amount of heat taken up would 
be utilized in the formation of oxygen atoms, but as a matter of fact when 
gases are adsorbed by substances like platinum, charcoal, palladium, etc., 
heat is given out instead of being absorbed. From the researches of Favre,‘ 
Mond, Ramsay and Shields^ and others wc know that large quantities of heat 
are given out when NH3 is adsorbed by charcoal or hydrogen by palladium, 
platinum, etc. Hence we cannot imagine that hydrogen is converted into the 
atomic state when it is adsorbed hy palladium or that the oxygen is converted 
in the atomic state, when adsorbed by platinum black. Very recently, how- 
ever, Richards and Richards® have suggested that hydrogen occluded in iron 
is in the atomic condition.^ 

1 Ann. Chim. Phys. (3) 37 , 465 (1853). 

* Proc. Roy. Soc. 62 , 50, 290 (1897). 

3 J. Am. Chem. Soc. 46 , 89 (1924). 

^Compare Langmuir: Ibid. 34 , 1310 (1912). 
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In explaining hydrogenation reactions, Sabatier and others, assume that 
with metals like nickel, hydrogen forms an unstable hydride like NiH2 or 
Ni2H2 and that this hydride is capable of giving out atomic hydrogen which 
is more active than the molecular variety^. Very recently, Schlenk and Welch- 
selfelder^ have brought further evidence in support of the view that NiH2 is 
formed in these hydrogenations. 

If we pass hydrogen through a solution of FeCla we find that the ferric 
chloride is not reduced to the ferrous state, but if we add a little palladium foil 
to the solution it will convert the ferric salt to the ferrous state. Similarly 
oxygen adsorbed by platinum black is more active than molecular oxygen and 
can readily oxidize ethyl alcohol, formic acid, oxalic acid, etc. 

How are these molecules activated? How can the adsorption process 
activate these molecules? Our knowledge about metallic hydrides has in- 
creased considerably during the last few years.®. Recently Peters'* has proved 
that hydride of lithium, can be electrolysed in the fused condition, hydrogen 
being evolved at the anode and the metal at the opposite electrode. We can 
imagine that when H2 is passed over finely divided nickel or through palladium, 
an unstable hydride is formed and this hydride decomposes into the metal and 
hydrogen in the atomic or in an active condition, which is capable of inducing 
the process of hydrogenation involved. Unfortunately there is no direct 
experimental evidence in support of this view. In order to avoid this diffi- 
culty, Bancroft^ explains these cases on the view of increased concentration 
of one or nmre of the reacting substances at the surface of the catalyst due to 
adsorption. He explains most cases of contact catalysis in heterogeneous 
systems on this increase of concentration. 

Let us take the case of the reaction between SO2 and oxygen again. In- 
stead of ordinary catalysts, light may be utilized in activating the oxygen 
molecules. We have observed that if S()2 and C)2 are exposed in glass vessels 
to tropical sunlight, crystals of SO 3 are obtained at the ordinary temperature. 
We can imagine that the sunlight has activated the oxygen molecules, which 
have reacted with the sulphur dioxide at the ordinary temperature. It is 
difficult to state at this stage whether the light converted the oxygen molecules 
into an active form or into atoms® 

In this connection the recent work of physicists on radiationless transfer 
of energy would be interesting. The experiments on ionisation potential first 
carried out by Franck^ and his colleagues are now well known. They deal 
with interchange of energy between freely moving electrons and atoms. A 
stream of electrons moving with a definite velocity is projected into a mass of 
gaseous matter. When an electron happens to pass close to an atom, then, 

^ Sabatier: “La Catalyse en Chiraie organique”, 60 (1920). 

* Ber. 56 B, 2230 (1923). 

* Compare Jaubert: Compt. rend. 142 , 788 (1906); Moers: Z. anorg. Chem. 113 , 
179 (1920) and others. 

* Z, anorg. Chem. 131 , 140 (1924). 

* J. Phys. Chem. 21, 571 (1917). 

* Compare the work of Wendt, Landauer and Ewing: J. Am. Chem. Soc. 44 , 2377 
(1922) on the activation of chlorine oy light. 

^ Ber. physik. Ges. 15 , 34, 3731 929 (1913); 457 (1914)' 
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provided the energy of the free electron exceeds a certain limit, the whole of its 
energy may be transferred to the valency electrons lying at the outer periphery 
of the atom. The valency electron is therefore uplifted to higher quantum 
orbits. This state is not stable and in a short time reverts to its original posi- 
tion, the excess of energy being set free as monochromatic radiation. Thus 
the atoms take away energy from the free electrons and convert it into its own 
energy of monochromatic radiation. When the energy of the bombarding 
electron is suflSciently large it may tear off the valency electron from the 
parent atom. This stage is known as ^ ^ionisation’’. Hitherto the attention 
of all workers has been confined to only one side of the problem, namely com- 
munication of energy from the free electron to the atom. But Klein and 
Rosselund^ showed that the reverse process, namely communication of energy 
by an excited atom to a free electron actually takes place in many cases, e.g. 
a mass of mercury atoms, some of which have been activated either by ab- 
sorption of light X==2 536, or by the electric discharge. If an electron passes 
close to it the mercury atom may transfer its energy (X = 2 536) to the elec- 
tron. The electron thus receives an increment in its velocity but the transfer 
is radiationless. The electron chokes the emission of light X = 2536. These 
observations further extended by Franck and his students^ who showed that 
the excited atoms may communicate their energy not only to the electron but 
also to such atoms and molecules which may come into their contact. These 
atoms or molecules will therefore receive either some increment in their 
kinetic energy or if the energy imparted be sufficiently large they may be 
excited to their spectral emission, ionisation or dissociation in the case of 
molecules. These ideas therefore open out a very promising field of investi- 
gation. For example, Franck activated a stream of mercury vapour by light 
X- 2536 and these activated mercury atoms were allowed to act upon hydro- 
gen gas. It was proved that gaseous hydrogen was converted into a atomic 
state even at a temperature of about 40®. This atomic hydrogen was capable 
of converting cupric oxide into the cuprous state at such a low temperature 
as 40°, at which temperature molecular hydrogen cannot reduce cupric oxide. 
The explanation is that when a mercury atom absorbs light X = 2536 it is 
loaded with an energy content of 4.9 volts. On coming in contact with hydro- 
gen molecules which are thereby broken into atoms as the heat of dissociation 
of hydrogen is about 80000 calories which corresponds to 3.8 volts. 

It seems from these results that the active nitrogen of Lord Rayleigh® 
ozone, active hydrogen, active chlorine, etc. may be supposed to be really 
activated nitrogen, activated oxygen, activated hydrogen, activated chlorine, 
from the point of view of Franck. When a moderately condensed electric 
discharge is sent through nitrogen gas, the latter is converted into an excited 
state falling short of dissociation into its constitution atoms. According to 
this view, active nitrogen is probably excited nitrogen molecule loaded with 
a certain voltage. Its great activity is due to the ease with which these active 

* Z. Physik, 41 , 46 {1921). 

* Z. j. Physik 9 , 259 (1922); 11, i6i; 17 , 202 (1923). 

® Strutt: Proc. Roy. Soc. 85 A 219 (1910); 86A, 56, 262 (1911); 87 , 179 (1912). 
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molecules give out this extra amount of energy. We all know that ozone is 
formed by passing a silent electric discharge through oxygen, we can therefore 
imagine that the so-called substance ozone is nothing but oxygen in an excited 
condition and charged to a certain voltage. It is well known that ultra-violet 
light can convert oxygen into ozone. Recently Weiser* and his colleagues and 
Downey^ have proved that the glow of phosphorus in oxygen gives out ultra- 
violet light and that this ultra violet light converts no oxygen into ozone. 
From the point of view of Franck we know that mercury vapour can be excited 
by electric discharge as well as by light of X = 2536. 

Consequently we can imagine that oxygen is also activated and is charged 
to a certain voltage by silent electric discharge or by ultra-violet light. Simi- 
larly the active forms of gases like hydrogen, chlorine etc., prepared by 
Wendt® and colleagues, Venkatarainaiah^, and others^ are probably activated 
molecules of these gases, charged to be a certain voltage. Their activity is due 
to the readiness with which they can give out this extra amount of energy and 
hence can induce many chemical changes which these gases in molecular con- 
dition cannot effect. It is well known that when silent electric discharge is 
passed through oxygen, there is a contraction in volume. Hence it appears 
that the active form of oxygen occupies less space than molecular oxygen. 
Similar contraction in volume has been observed by X^enkataraniaiah® when 
silent electric discharge is passed through chlorine. It is impossible to say 
whether active nitrogen occupies less space than molecular nitrogen because 
Lord Rayleigh has not studied this question. Since in the case of activation 
of oxygen or chlorine, there is a contraction in volume, it is probable that in 
the formation of active nitrogen there will also be a contraction in volume. 
Lord Rayleigh has shown that active nitrogen gives a glow. It is probable 
that this glow is due to the reversion of the active variety into the inactive 
molecular form. 

In this connection, it will be interesting to consider the phenomenon of 
phosphorcsence from these points of view. For example when calcium sul- 
phide is exposed to light, it absorbs light energy and become's converted into 
an active form and is charged to a certain potential. In the dark, this a(*ti- 
vated calcium sulphide would pass into the inactive form and would give out 
light. It is needless to point out that the active condition of matter is cer- 
tainly an unstable state of affairs and its natural tendency will be to revert to 
the stable inactive form. There is a striking analogy betw^een the after-glow 
of active nitrogen and the phenomenon of phosphorescence ordinarily observed. 
Lord Rayleigh,^ Tiede and Domcke,** Pirani® and others have shown that abso- 

* J. Phys. Chem. 25 , 6i, 549, 473 (1921). 

® J. Chem. 80c. 125 , 347 (1924). 

» J. Am. Chem. Soc. 42 , 930 (1920). 

* J. Phys. Chem. 27 , 74 (1923). 

* Compare Lowry: J. Chem. Soc. 101, 1152 (1912); Koenig and Elod: Her. 47 , 516 

(1914)- 

*Loc. cit.; also Nature: 106 , 46 (1920). 

^ Loc. cit.; also Proc. Roy Soc, 91 A, 303 (1915). 

* Ber. 47 , 2283 (1914). 

^ Chem. Zentr. 1921 I, 200. 



958 


N. R. DHAR 


lately pure nitrogen does not give an after-glow. Traces of H2S, oxygen, SO2 
etc., are necessary for obtaining an appreciable after-glow. Similarly it is well 
known that the phenomenon of phosphorscence is also associated with traces 
of impurities in the phosphorescent substances. It seems therefore that there 
is some similarity between the after-glow of active nitrogen and the phos- 
phorescence of ordinary substances. Similarly we can imagine that emana- 
tions from radioactive substances can activate molecules of barium platino- 
cyanide or zinc sulphide and these activated molecules become phosphorescent 
when they revert to the inactive variety. 

The glow due to the slow oxidation of phosphorus has attracted the atten- 
tion of numerous workers. Recently luminescence has also been observed in 
the slow oxidation of magnesium alkyl halides^ and of organic sulphur com- 
pounds®. It is well known that ions are generated in the slow oxidation of 
phosphorus and it is very likely that ions would be generated in the other cases 
of slow oxidations causing luminescence. The ions, in their turn, would con- 
vert ordinary oxygen into the activated condition which would readily oxidize 
substances. Now the conversion of the active form into the inactive variety 
would cause the luminescence. Recently Downey® has shown that the light 
given out in the oxidation of phosphorus contains short wave lengths and is 
rich in ultraviolet rays. It will be very interesting to compare the spectrum 
of this light with that due to the slow oxidations of magnesium alkyl com- 
pounds and of organic sulphur compounds. The spectrum of active nitrogen of 
Strutt has been studied by Fowler and Strutt^ and it consists of the usual 
a, 0 and 7 groups of positive bands and contains ultraviolet radiations. 
I venture to suggest that the ions, given out in the slow oxidation of phosphor- 
us, magnesium alkyl compounds, organic sulphur compounds, etc., would acti- 
vate the molecular oxygen present there. This activated oxygen would give 
all the tests attributed to ozone. A part of the activated oxygen without 
effecting oxidation and hence giving out its extra amount of energy to the 
oxidizable substance, would spontaneously pass into the inactive variety and 
would give light rich in ultraviolet rays, which can activate other molecules of 
oxygen. This is probably the origin of the glow obtained in the slow oxida- 
tions of phosphorus, magnesium alkyl halides, organic sulphur compounds 
etc. I am of opinion that, in these slow oxidations, ions are first produced as 
products of the chemical change and not due to the glow as suggested by 
Downey®. 

Very recently Chapman and Davies® have shown that when oxygen or 
hydrogen is driven into fused quartz by the electric discharge, the quartz ac- 
quires the property of phosphorescing. 

This phenomenon seems to me to be the same as that studied by Lord 
Rayleigh in connection with active nitrogen. The gas hydrogen or oxygen 

^ Lifflchitz and Kalberer: Loc. cit. 

* Del^pine: Loc. cit. 

* Loc. cit. 

*Proc. Roy. Soc. 85A, 377 (1911). 

® Loc. cit. 

•Nature, 113 , 309 (1924)- 
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adsorbed by quartz becomes active by the electric discharge. The phos- 
phorescence is very likely due to the reversion of the active form into the 
inactive variety. Lord Rayleigh observed that active nitrogen glowed more 
intensely at the temperature of liquid air than at the ordinary temperature. 
Chapman and Davies have also observed that when a small area of the tube 
is cooled with liquid air while the discharge is passing, that area glows much 
more brightly than the rest of the tube after the discharge has been stopped. 

(Consequently like Rayleigh, Chapman and Davies have got active forms 
of hydrogen and oxygen. It will be interesting to find out whether nitrogen 
can be activated in this manner. Moreover it is worth while comparing the 
spectrum of the light given out by oxygen in its phosphorescence by this 
method and that of the light given out in the slow oxidation of phosphorus, 
magnesium alkyl compounds, organic sulphur compounds etc. It seems 
likely that the spectra of the lights given out in all these phenomena would 
probably be alike, because according to the view advanced in this paper, the 
glow is supposed to be due in all cases to the transformation of activated 
oxygen (in one case made energetic by the electric discharge as in the experi- 
ments of Chapman and Davies, and in the other cases activation is due to the 
ions first given out as products of the chemical changes involved) to the inac- 
tive molecular oxygen with loss of the extra amount of energy. 

It is well known that ions are generated in the oxidation of phosphorus. 
It is very likely that these ions can activate molecules of oxygen, which thus 
become reactive and induce chemical changes which are not possible with 
molecular oxygen. Emission of electrons and ions in many chemical reactions 
has been observed by Haber and Justb Pinkus and de Schulthcss,^ Richardson* 
and others. Moreover, Pottei*^ has shown that carbon dioxide liberated during 
fermentation of glucose through the action of yeast carries both positive and 
negative ions. 

If it can be proved definitely that ions are generated in all slow oxidations, 
then the phenomenon of induced oxidation will be readily intelligible. For 
example, let us take the case of the mixture of sodium sulphite and sodium 
arsenite. If the spontaneous oxidation of sodium sulphite by air or oxygen 
can generate ions, these ions would activate the molecules or atoms of oxygen, 
which can then react on the molecules of sodium arsenite. 

More over, if it is generally proved that ions are produced in slow chemical 
changes, a flood of light would be thrown on many complicated induced reac- 
tions. In a foregoing paper® I have proved that the oxidation of oxalic acid 
by mercuric chloride is activated by the oxidation of the same substance by 
permanganate. Thus a solution of oxalic acid is not oxidized by mercuric 
chloride even in the boiling condition, but if a few drops of potassium perman- 
ganate is added to the mixture, the permanganate oxidizes some oxalic acid 
and at the same time mercuric chloride oxidizes oxalic acid, mercurous chloride 

» Ann. Physik. ( 4 ) 36, 308 (1911). 

* J. Chim. phys. 18 , 366 (1920); Helv. China. Acta, 4 , 288 (1921). 

* Phil. Trans. 222A, i (1921). 

*Proc. Boy. Soc. 91 , 465 (1915). 

®Dhar: J. Chem. Soc. Ill, 697 (1917). 
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coming out as a precipitate. If we can prove that in the reaction between per- 
manganate and oxalic acid, ions are produced and that these ions would acti- 
vate the molecules of oxalic acid which would reduce mercuric chloride because 
of its increased energy, then the mechanism of induced reactions of these 
types would be intelligible. 

Moreover, it will be worth while investigating whether ions or electrons are 
given out when gases like hydrogen or oxygen etc., are adsorbed by platinum, 
palladium, etc. The ions produced would activate the molecules and would 
make the chemical change proceed quickly. If this is so, it would explain the 
catalytic effect of platinum, palladium, nickel in chemical changes. 

Summary and Conclusion 

(1) Experimental results show that in oxidation reactions, the phenome- 
non of negative catalysis takes place when the catalyst is liable to be readily 
oxidized. 

(2) The mechanism of negative catalysis in oxidation reactions can be 
explained on the theory of the formation of intermediate compounds of the 
catalyst and one or more of the reacting substances. 

(3) A positive catalyst diminishes and a negative catalyst increases, the 
temperature coeflScient of a reaction, the decrease or increase being the greater, 
the higher the concentration of the catalyst. 

(4) When light acts as an accelerator, the temperature coefficient of a 
reaction carried on in light is smaller than that of the reaction in the dark. 

(s) The temperature coefficient of photochemical reactions need not be 
about unity in all cases, but it may be much greater than unity as shown from 
experimental results. 

(6) Thermal reactions carried on in the dark are expected to obey the 
same laws as govern the emission of electrons from heated substances, whilst 
ideal photochemical changes should follow the same laws as are applicable to 
photoelectric emission. 

(7) Intermediate compound formation can explain many catalytic 
accelerations. 

It is proved experimentally that potassium permanganate which is more 
readily decomposed than potassium, chlorate is an intermediate compound in 
the decomposition of potassium chlorate in presence of Mn02 and manganous 
salts by heal. 

(8) When gases are absorbed by palladium, platinum, charcoal etc., heat 
is given out, hence it is difficult to assume that the gases are converted into 
the atomic state by adsorption. 

(9) It is suggested that active nitrogen, ozone, active hydrogen, active 
chlorine etc., are activated by electric discharge or by light and loaded with a 
certain voltage. Their great activity is due to the ease with which these acti- 
vated molecules give out this extra amount of energy. 
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(10) The glow of active gases like nitrogen, hydrogen, oxygen, etc., the 
phenomenon of phosphorescence caused by light, the phosphorescence caused 
by radium emanation, etc., are supposed to be due to the reversion of the acti- 
vated forms of these substances into the inactive variety with the loss of the 
extra amount of energy. 

(11) All slow oxidations are likely to give out ions and electrons, which 
could activate the molecules of oxygen. This activated oxygen would give 
all the tests attributed to ozone. A part of the activated oxygen would spon- 
taneously pass into the inactive variety and would give out light. This is 
probably the origin of the glow obtained in the slow oxidation of phosphorus, 
magnesium alkylhalides, organic sulphur compounds, etc. 

(12) It seems probable that the ions generated in slow oxidations, could 
activate molecules of oxygen, which thus become reactive and induce chemical 
changes which are not possible with molecular oxygen. For example, the 
spontaneous o.xidation of sodium sulphite by air or oxygen can generate ions 
which would activate oxygen molecules and these active molecules can then 
react with sodium arsenite. Other induced reactions can be explained in a 
similar way. 

(13) It seems wortti while investigating whether ions are given out when 
gases are adsorbed by Pt, Pd, Ni, etc. If ions are given out during adsorption 
of gases, this will explain the catalytic effect of these substances. 

My thanks arc due to Dr. M. N. Saha for his help in writing the paper. 

Chemical Laboratory 

Muir Central College 

Allahahady 

April SOy mi 



THE WETTING OF BARIUM SULFATE 


BY VICTOR LENHER AND H. GORDON TAYLOR 

Des Coudres^ has shown that there are three possible cases when a solid 
is shaken with two immiscible or partially miscible liquids. This solid may 
be wetted by one of the liquids to the practical exclusion of the other, in which 
case it goes into the first liquid. It may be wetted by the second liquid to the 
practical exclusion of che first, in which case it goes into the second liquid. 
It may be wetted by both liquids simultaneously, in which case it tends to go 
into the dineric interface, the surface separating the two liquids. Cases in 
point with benzene and water are calcium sulfate which goes into the water 
phase; copper powder which goes into the benzene phase; and calcium car- 
bonate which goes into the interface. Commercial use of this is made in the 
^pulping^ of white lead when the water is displaced by linseed oil. According 
to Mr. Euston of the Euston Ijcad Company, this displacement of the water 
does not take place rapidly enough for factory work if the acid number is less 
than four, so the effect is very possibly due more to the free acid than to the 
oil. 

Barium sulfate has been found to give all three types with suitable pairs 
of liquids. When barium sulfate with a specific gravity of 4.5 is shaken with 
SeOCla (sp.g. 2.44) and the hydrocarbon heptane (sp.g. 0,66), with which 
selenium oxychloride is immiscible, the barium sulfate settles completely to 
the bottom, leaving both liquids and the interface clear. Evidently the barium 
sulfate is wetted completely by the selenium oxychloride. If the barium sul- 
fate is moistened first with heptane, the selenium oxychloride will displace the 
latter completely. 

When a little barium sulfate is shaken with 70% H2SO4 (sp.g. 1.6) and 
selenium oxychloride (these liquids are immiscible and the acid is the upper 
layer), the barium sulphate is found on top of the interface. Both liquids are 
left clear and there is not a trace of barium sulfate on the bottom. The reasons 
for believing that the barium sulfate is on and not in the interface are: firstly, 
no emulsion is formed; secondly, much more of the solid is supported than 
would constitute a layer one particle thick in the interface; thirdly, when the 
tube is given a slight rotary shaking, which causes an eddy current in the li- 
quids without disturbing the level position of the meniscus, the barium sulfate 
is swept into the upper liquid just as dust is picked up in a whirlwind, while 
none goes into the lower liquid, which remains clear. The barium sulfate is 
evidently wetted completely by the upper liquid, 70% H2SO4. 

When barium sulfate is shaken with heptane and water, the heptane is 
emulsified in the water, forming globules about as large as bird shot which 
collect as a deep layer on top of the water. Each globule is coated completely 
with barium sulphate and the emulsion shows no tendency to crack even on 

» Arch. Entwickelungsmeclianik, 7 , 325 (1898); Hofmann: Z. physik. Chexn. 83 , 385 
(1913); Bancroft: * Applied Colloid Chemistry,” 83 (1921). 
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standing for months. This is similar to the results obtained by Pickering,^ 
Schlaefer,® Moore,® and Sheppard.^ It sometimes happens that some of the 
solid stays at the interface while some of it sinks. This may happen in the 
second case, where the solid is wet by the upper liquid which in this case is 
70% H2SO4, if the system contains too much BaS04, or if some of the particles 
are much larger than the rest. The particles which sink will, however, carry 
a layer of adsorbed sulphuric acid with them. Some of the solid is more apit 
to sink, however, in the third case where the solid is held in the interface. 
Here the conditions are more delicately balanced, so that the amount, size, 
and even shajie of the particles may determine whether they will stay in the 
interface or be pulled down by gravity. 

Experiments weiu made with carbon tetrachloride, heptane, selenium 
oxychloride, water, sulfuric acid, and phosphoric acid; but no immiscible 
pair could be found which would float barium sulfate and not strontium sul- 
fate, so a separation of these two salts by this method is impossible as yet. 
When the sulfates of barium, strontium, and calcium are shaken singly with 
heptane and water, barium sulfate floats the most satisfactorily and calcium 
sulfate the least well. 

Previous experiments by Lenher have shown that a decidedly gelatinous 
mass is obtained when precipitated barium sulfate or the ground mineral 
barytes, is treated with selenium oxychloride. Barium sulfate can be obtained 
in a gelatinous condition when it is precipitated in selenium oxychloride as a 
medium instead of in water. If a dilute solution of barium chloride in selen- 
ium oxychloride is mixed with a dilute solution of sulfuric acid in selenium 
oxychloride, barium sulfate is precipitated in a voluminous transparent con- 
dition, identical in appe'arance with a precipitate of alumina. This pre- 
cipitated gel, as well as the apparently gelatinous mixture of ground barytes 
and selenium oxychloride, goes over immediately into the pulverulent form 
when the selenium oxychloride is either removed cr destroyed by such sub- 
stances as water, carbon tetrachloride, sulfuric acid or other reagents. 

Studies have been made to determine whether there was any coiTosive 
action of selenium oxychloride on polished surfaces of barite; but no such 
effect has been detected. Furthermore, careful analysis has shown that the 
selenium oxychloride does not penetrate the barium sulfate crystals and that 
selenium oxychloride contains no dissolved barium sulfate even after long 
standing in contact with it. The evidence therefore seems to be conclusive 
that the gelatinous bar»imi sulfate obtained by means of selenium oxychloride 
is merely barium sulfate made plastic or gelatinous by adsorbed selenium 
oxychloride. This seems to be of distinct importance for the general theory 
of gelatinous precipitates. 

The general results of this investigation are : — 

I. Barium sulfate goes into the selenium oxychloride layer when shaken 
with selenium oxychloride and heptane. 

‘ J. Chem. Soc. 91 , 2010 (1907); Kolloid-Z. 7 , 14 (1910). 

* J. Chem. Soc. 113 , 522 (1918). 

* J. Am, Chem. Soc. 41 , 940 (1919). 

^ J. Phys. Chem. 23 , 634 (1919). 
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2. Barium sulfate goes into the acid layer when shaken with selenium 
oxychloride and seventy percent sulfuric acid. 

3. Barium sulfate goes into the dineric interface when shaken with heptane 
and water. 

4. The gelatinous barium sulfate obtained by means of selenium oxy- 
chloride appears to be barium sulfate made plastic or gelatinous by adsorbed 
selenium oxychloride. 

University of Wiscormn, 



REACTIONS IN PHOSGENE SOLUTION. II. FORMATION OF 

CHLORALUMINATES.* 


BY ALBERT F. O. GERMANN AND KENNETH GAGOS 

In a recent communication^ one of us reported that potassium is attacked 
by phosgene containing dissolved aluminium chloride. The reaction in the 
case of potassium is too slow for convenient study. The present investigation 
was undertaken to make a survey of the behavior of other metals towards 
phosgene containing aluminium chloride, and to find, if possible, examples of 
the reaction lending themselves more readily to the study of the progress of the 
reaction. 

In the first s(;ries of experiments, magnesium, calcium, zinc, cadmium and 
tin were treated in separate, sealed Faraday tubes with liquid phosgene con- 
taining dissolved aluminium chloride. Calcium and magnesium reacted very 
rapidly, the tube became very hot, and a gas was given off, which, when col- 
lected and analyzed, proved to be carbon monoxide. Cadmium, zinc and tin 
reacted more slowly, in the order named, and all three much more slowly than 
potassium. 

In the ease of the magnesium, no solid reaction product separated from the 
solution; when the solution was cooled in ice, two liquid layers separated, and 
on further cooling, the denser layer became syrupy. An attempt to study the 
phase relations of the system soon brought out the fact that more time would 
be required to complete the study than was available for the investigation; 
hence the study of this system was abandoned in favor of the system resulting 
from the action on calcium. 

Cadmium, zinc and tin each yielded a solid reaction product, small in 
amount, forming an incrustation about the metal, and presumably slowing 
down the reaction. No effort has been made to speed up these reactions by 
raising the temperature of the system studied, except as mentioned below. 

In the case of calcium, the violence of the reaction diminishes after a time; 
and if the tube be allowed to cool over night, a crystalline product separates, 
which is neither calcium chloride, because this is entirely insoluble, nor 
aluminium chloride, since this is very soluble. However, since carbon monox- 
ide is one product of the reaction, it seems reasonable to suppose that calcium 
chloride is also a product. The crystals, then, are evidently those of a calcium 
chloraluminate, or a double salt of calcium chloride with aluminium chloride; 
such a salt was prepared by Baud^ by fusing the anhydrous salts together. 

Before determining this point, it seemed desirable to know the exact fimc- 
tion of the aluminium chloride in bringing about the reaction. With this 
point in mind, the following experiments were performed. Samples of calcium 

* From a thesis presented by Kenneth Gagos in partial fulfilment of the requirements 
for the degree Master of Arts. 

* Germann: J, Phys. Chem., 28, 000 (1924). 

*E. Baud: Ann. chim. phys., (8), 1, 51 (1904). 



966 


ALBEHT F. O. GERMANN AND KENNETH GAGOS 


weighing 0.25 gm. were treated in separate tubes with 10 cc. of liquid phosgene 
containing varying weighed amounts of aluminium chloride; the reaction was 
in each case allowed to run to completion, and any residue of calcium was 
washed with phosgene and weighed. It was thus found that the extent of the 
reaction is directly proportional to the amount of aluminium chloride present, 
provided that the calcium and phosgene are in excess. 

In other words, the aluminium chloride does not act catalytically in bring- 
ing about the reaction; but calcium reacts with phosgene to form calcium 
chloride, which deposits on the calcium as a protective coating, and arrests 
further action ; when aluminium chloride is present in the solution, it reacts 
with this surface layer of calcium chloride, forming the soluble double salt, 
and the reaction proceeds until the free aluminium chloride is exhausted. The 
same mechanism would apply to magnesium and the other metals. 

This interpretation of the reaction is entirely justified by the results of the 
following experiment, in which magnesium was selected because the product 
of its reaction with phosgene and aluminium chloride yields a two liquid layer 
system with phosgene : A gram of anhydrous magnesium chloride was sealed 
up in a tube with 5 cc. of liquid phosgene and 0.5 gm. of aluminium chloride, 
and laid aside. When next examined, the magnesium chloride had partly 
dissolved: cooling the solution brought about separation into two liquid 
layers, exactly as when metallic magnesium was used. Hence it may be con- 
cluded that anhydrous metallic chlorides may react with aluminium chloride 
in phosgene solution, to form double salts. 

Baud^ isolated one double salt of aluminium chloride with calcium chloride, 
i. 5 raCl 2 . 2 Al(l 3 ; two with barium chloride, BaCl2.2AlCl8, and i.5BaCl2.- 
2AICI3, the second resulting when the first was heated to an elevated tempera- 
ture, with loss by volatilization of one third of the aluminium chloride. At- 
tempts to prepare CaCl2.2AlCl3 failed, one third of the aluminium chloride 
used always subliming, presumably because dissociation takes place at the 
melting point of the compound, according to the equation: 

3(CaCl2.2AlCl3) — 2 AlCl3+2(i.5CaCl2.2AlCl3). 

To determine the formula of the double salt, an excess of calcium was 
allowed to react ^\ith phosgene containing an amount of anhydrous aluminium 
chloride iiisufficient to react with all of the calcium as chloride, in a tube pro- 
vided with a stopcock and stopcock clamp^. The reaction, at first violent, 
became sluggish as the aluminium chloride was used up; the tube, from which 
carbon monoxide was allowed to escape from time to time, was therefore 
placed in a boiling water-bath for several hours, or until all action had appar*- 
ently ceased. On cooling, beautiful amber colored crystals (the color probably 
due to the presence of iron, which was present as impurity in the aluminium 
chloride, and doubtless also in the calcium), apparently octahedral, separated. 
The solution was evaporated to dryness by evacuation, the temperature raised 

^ Ann. chim. phys. (8) 1, 51 (1904). 

* Guye and Drouginine: J. chim. phys., 8, 503 (1910). 
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by immersion in a boiling water-bath, and evacuation continued as long as 
phosgene was evolved. This brought about efflorescence of the crystals, 
yielding a greyish white powder, which was subjected to analysis. 

The results for chlorine are known to be low, as solution of the anhydrous 
salt was carried out in a covered beaker, and the heat of solution was so great 
that some hydrogen chloride, resulting from hydrolysis, was lost by volatiliza- 
tion ; greater precautions were taken with sample B, but the odor of hydrogen 
chloride was very evident over the beaker. 

Sample A Sample B 
Weight of sample 0*5674 gm. 0.5332 gm. 

Weight of silver chloride i .6495 ^ 0747 gm. 

Weight of chlorine 0.4081 gm. 0.3896 gm. 

% of chlorine 7^ *92 73 06 % 

Weight of alumina o 1641 gm. 0.1536 gm. 

W^eight of aluminium 0.0873 gm. 0.0814 gm. 

% of aluminium 15 .59 15 27 % 

Weight of calcium oxide 0.0834 gm. o 0781 gm. 

Weight of calcium o 0596 gm. o 0558 gm. 

of calcium 10.50 10 47 

The formula CaCl2.2AlCl3 represents this composition very nearly, as is 
shown in the following comparison: — 

Found A Found B Calculated 

Chlorine 71.92 % 73 . 06 % 74 87 % 

Aluminium 1 5 • 39 1 5 • 2 7 14.57% 

Calcium 10 . 50 % to . 47 % 10 . 58 % 

Iron, present as impurity in the aluminium chloride used, was not deter- 
mined separately, but appears in the analysis as aluminium. In spite of the 
precautions taken to ensure complete reaction, aluminium chloride still 
appears to be present in alight excess. 

The calcium salt which Baud was unable to prepare by fusion of the an- 
hydrous salts, has thus be<?n prepared as a phosgenatc in phosgene solution. 
When we attempted to determine the melting point of the dephosgenated salt 
a portion of the aluminium chloride present sublimed, the salt decomposing 
according to the equation on page 966, and yielding the compound prepared by 
Baud. 

Composition of the phosgenatc. The method used by BaiuU to determine 
the composition of the phosgenates of aluminium chloride is unsatisfactory. 
It was decided instead to determine the pressure concentration diagram at 
room temperature; the temperature chosen was ig.s^C. 

Figure i represents diagrammatically the arrangement of apparatus. F2 
is a Faraday tube containing the sample, fastened to the apparatus by means 
of the universal flat joint and clamp J2. The tube dips into a thermostat, the 

^ Compt. rend., 140 , 1688 (1905). 
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temperature of which was maintained at 19.5^0. The manometer Mi, open 
to the air on one side, communicates with the Faraday tube, and vapor ten- 
sions are read on it, A special form of mercury pump^ of small capacity, P2, 
communicates with a second manometer, M2, and through a P2O6 tube and a 
stopcock, Si4, with the system already described. Concentration changes in 
the solution in the Faraday tube are* brought about by withdrawing any de- 
sired amount of phosgene vapor from the system by opening the stopcock S14 
leading to the evacuated mercury pump. The gas drawn off is measured in 
the gas burette A, communicating with P2 through the capillary tube V4, 



where it is collected by operation of the mercury pump; atmospheric pressure 
for the reading is attained in the burette by opening stopcock Sis, and manipu- 
lating the small mercury bulb Bs. After measuring, the phosgene gas is 
discarded through the operation of a water suction pump, connected to Ws, 
by opening stopcock S12 for a moment. Manometer M2 serves a double pur- 
pose: with the mercury pump entirely evacuated, the barometric pressure is 
read upon it ; and in the withdrawal of a portion of phosgene from the solution 
in F2, the amount withdrawn is proportional to the change in pressure as 
registered on M2, since volume and temperature are very nearly constant; 
the change in pressure required to yield i cc. of gas when collected in A is 
determined at the beginning of operations by a direct measurement. 

Samples of the double chloride were prepared in the manner already 
described (see page 966). Carbon monoxide, which appears to be appreciably 
soluble in the solution, was completely removed by prolonged boiling of the 
solution. All phosgene used was carefully purified (see below). Thus pre- 
pared, the tube, containing a quantity of the double salt in solution in 
excess of phosgene, was weighed; it was then clamped in position in the ther- 

.... ^ A of the pump described by Oermann and Cardoso: J. chim.phys., 

10, 306 (1912). ^ j ^ 
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mostat, and its vapor tension measured; a measured volume of phosgene vapor 
was then withdrawn, as described, and the vapor tension of the remaining 
solution measured; and so on to exhaustion of the phosgene; the tube was 
then weighed again, the loss in weight representing the total weight of phos- 
gene evolved; the tube was finally opened, the depJiosgenated salt removed for 
analysis, and the tube and excess of calcium weighed; thus the weight of 
dephosgenated salt was arrived at. 



System: CaCh, 2 A 1 Ch -COCh 


System: CaCh, 2 A1 Ch— COCI 2 


The pressure concentration diagrams for samples numbered 17 and 18 are 
given in Figures 2 and 3. In these curves, the upper, nearly horizontal portion 
represents the vapor tension of the solution of the double chloride; in the 
presence of crystals, this should be constant, and hence the curve should be 
perfectly horizontal; but as already pointed out, (page 967), aluminium chloride 
is probably present in slight excess, due to incomplete reaction of phosgene 
with calcium; and hence the vapor tension diminishes as the concentration 
of this impurity increases. Figure 3 shows one point, at 944.5 mm., consider- 
ably below the others on this portion of the curve; when this measurement 
was made, the solution contained no crystals; but during the subsequent 
evaporation of nearly 400 cc. of phosgene vapor from the solution, crystals 
suddenly appeared, and the vapor tension rose to 1013 mm.; the lower point 
corresponds to a supersaturated solution of the double chloride in phosgene. 
This is evidence of rather high solubility. However, no solubility determina- 
tions have been made. 

The second, the descending portion, of the curves, represents the diying 
of the crystals; in other words, the evolution of adsorbed phosgene from the 
surface of the crystals; the slope of the curve here probably depends on the 
size of the crystals, or, what amounts to the same thing, on the surface area 
per unit of mass. 

The final portion of the curves is horizontal, and represents the constant 
vapor tension during dephosgenation of the crystals; this amounts to about 
25 mm. at i9.5°C. The mass of phosgene evolved during this interval was 
chemically combined with the double chloride as phosgene of crystallization. 
The calculation follows: — 




970 


ALBERT F. O. GERMANN AND KENNETH GAGOS 


Sample No, 1 7 . Sample No, 18 

Weight of aluminium chloride, 3 . 1286 gm, 2 .2783 gm. 

Weight calcium taken, o . 5463 gm. 0.5378 gm. 

Excess of calcium, 0.1159 gm. 0.2125 gm. 

Weight calcium reacted, 0.4304 gm. 0.3253 gm. 

Weight dephosgenated salt, 4.2790 gm. 3.0282 gm. 

Volume of combined phosgene, 521 cc. 375 cc. 

Total volume phosgene, 2421 cc. 1021 cc. 

Weight of total phosgene, 10 . 2309 gm. 4 . i860 gm. 

Moles combined phosgene, 0.02225 mole. 0.01553 mole. 

Moles CaCl2.2AlCl3, o . 01 132 mole, o . 00801 1 mole. 

Ratio salt to phosgene, i :i . 965 i :i . 939 

The ratio of salt to phosgene is thus, in round numbers, i ;2, and the form- 
ula of the crystals is therefore 

CaCl2.2AlCl8.2COCl2. 

Purification of Phosgene, Figure 4 is a diagrammatic sketch of an all- 
glass apparatus, as used in this laboratory for the pimfication of phosgene. 
The main supply tank (not shown) is a 100 lb. steel container, in which phos- 
gene was supplied by Edgewood Arsenal. The supply valve of this is con- 



Fig. 4 


nected to a 1/4" pipe line, having outlet valves at convenient points in the 
laboratory; another outlet valve, the exhaust valve, opens from the 1/4*' 
pipe directly into a 3/4" waste pipe, which opens into a 2'' standpipe installed 
as a phosgene waste, extending above the highest part of the laboratory roof. 
The phosgene pressure in the 1/4" supply pipe, after shutting off the valve at 
the main supply tank, is released by opening this exhaust valve for a moment. 

The glass apparatus is connected to one of the brass supply valves at W4; 
De Khotinsky cement is used to make a gas-tight joint with the brass. On 
being admitted to the apparatus, the gas traverses successively a tube of 
anhydrous calcium chloride, a sulfuric acid wash bottle, a tube containing 
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antimony powder supported on glass wool, another tube containing alternate 
layers of phosphorous pentoxide and glass wool, and finally a tube containing 
a concentrated solution of aluminium chloride in liquid phosgene, Tj; the 
bulb above this tube must be large enough to prevent the liquid sucking back 
into the phosphorous pentoxide tube, and is usually made with a capacity of 
500 cc., while the total capacity of the tube Ti is no more than 250 cc. 

Ti is a very useful part of the apparatus, as it provides an auxiliary storage 
tank for phosgene, and makes the system extremely elastic. The great solu- 
bility of aluminium chloride in phosgene and the existence of several phos- 
genates of this salt combine to yield a solution wdiose vapor tension is much 
lower than that of pure phosgene. Baud^ reports that the pentaphosgenate, 
2AICI3.5COCI2, has a vapor tension of one atmosphere^ at 3o°C., whereas pure 
phosgene has the same vapor tension at 8°('. Hence under the pressure at 
which phosgene is supplied from Ihe main supply tank, phosgene readily 
condenses in Ti, and a bath of ice and water is sufficient to absorb the heat of 
condensation. Impurities such as H(J 1 , CO, CO2, for which no chemical 
absorbent is provided in the gas train, are partially removed here, after closing 
the supply valve, by boiling off, opening stopcocks S2, S3 and S7 for the pur- 
pose, The gases escape by bubbling through the mercury manometer V2, and 
are carried off through the tube Wo, which communic^ates with the exhaust 
pipe for waste phosgene. 

Further purification is carried out in To and T3; a sample is distilled into 
T2 from Tj, using liquid ammonia as refrigerant. The vapor tension at zero 
at this stage is ordinarily much in excess of 557 mm., the average of the values 
obtained by PaternC) and MazzucchelH^, of the somewhat higher values ol)- 
tained by the (-hemical Warfare Service'^, whos(‘ value is given by Schaufel- 
berger as 563 mm., and by Atkinson, H('ycock and Pope^ who give the value 
568 mm. Volatile gases are pumped off by the action of the water suction 
pump, which communicates with the apparatus at W5, through the stopcock 
Se; the evolved gases are drawn through bottles (*xmtaining sodium hydroxide 
before being discharged by the pump. The vapor tension of pure phosgene 
at the boiling point of ammonia ( — 33°) is givem by Atkinson, Heycock and 
Pope as 124 mm.; the loss of phosgene is therefon* not great. The vapor 
tension of the residual phosgene is mejisured from time to time, by surrounding 
the liquid with an ice bath, and making an approximate reading on the manom- 
eter, V2. W^hen the vapor tension has been reduced to a value approximating 
560 mm., three or four fractional distillations arc carried out between T2 and 
Ts, both the first and last fractions being discarded. The liquid phosgene may 
be kept for some days in T2 or Tg, by closing S7 or Sg, and providing each of 
the stop cocks guarding the storage tube with clamps. 

' Compt. rend. 140 , 168B (1905). 

® We have made an initial study of the pressure-eoneentration diagram of this system, 
but as the results are not in entire agreement with those obtained by Baud, the problem is 
being subjected to closer scrutinj". 

* Gazz. chim. ital., 50 1 , 30 (1920). 

* Schaufolberger: Thesis, Stanford University, (1920); based on Kdgewood Arsenal 
Chemical Laboratory Report No. 223. 

* J. Chem. Soc., 117 , 1410 (1920). 
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The Faraday tube or other trial tube Fi may be attached to the apparatus 
at Ji, by means of the universal flat joint and clamp. Any part of the appar- 
atus may be evacuated with the water suction pump, by operating st.opcock 
Se, or with the mercury pump by operating stopcock Si. Phosgene discarded 
through the mercury piunp is discharged through Wi into the exhaust pipe 
for phosgene. 

Ordinary rubber grease is very soluble in phosgene; this fact is xmimpor- 
tant when pressures are low; but whenever the pressure within the apparatus 
approaches or exceeds one atmosphere, the grease is more or less rapidly dis- 
solved away. Stopcocks lubricated by dusting with phosphorous pentoxide, 
and exposing to the atmosphere until moist, work very well; they last much 
longer when access of air is prevented by a ring of rubber grease at the top 
and bottom'. 

Conclusion. In the presence of aluminium chloride, phosgene reacts with 
a number of metals, forming double chlorides. Magnesium and calcium 
especially react readily, the first yielding atwo liquid layer system when cooled, 
the second a crsrstallizable product that is very soluble. The crystals were 
found to have the formula CaCl2.2AlCl*.2COCl2. The pressure concentration 
diagram was determined for this system, and the decomposition pressure of 
the phosgenate at this temperature found to be 25 mm. approximately. A 
method of purifying technical phosgene has been described. 
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^ Guye and Drouginine: J. chim. phys., 8, 503 (1910). 



CATALYTIC^ ACTION OF NITROUS ACID 


BY WILDER D, BANCROFT 

In 1842 Millon^ showed that copper reacts with ten percent nitric acid at 
20*^ only when nitrous acid is present in the solution. The reaction is prevented 
by the presence of some substance, such as ferrous sulphate, which removes, 
the nitrous acid as fast as it is formed. When the nitric acid is free from ni- 
trous acid, the reaction with the copper can be produced either by passing 
in a few bubbles of nitric oxide gas or by adding a few drops of a solution of a 
metallic nitrite. Millon considers that “copper, mercury, and silver react 
with nitrous acid, forming nitrites which are decomposed by the nitric acid 
forming nitric oxide which then reacts with the nitric acid to form nitrous 
acid, after which the cycle repeats.^’ 

Russell- says that “it has long been believed that the great activity of 
nitric acid towards many metals W’as owning rather to its containing a small 
amount of nitrous acid than to the affinities of the acid itself ; and, with regard 
to silver, this undoubtedly is the case, and the following experiments show 
that it holds good even with very dilute solutions of nitric acid. Two similar 
pieces of silver foil, both weighing 0.3 gram, w^ere placed in similar tubes, 
each with 5 cc. of dilute nitric acid containing only 1.6 per cent of HNO.^ 
Through one of these solutions only two small bubbles of nitrous acid were 
passed; both liquids were then corked up, and left to stand for forty-six 
hours, and the amount of silver dissolved vras estimated: in the solution 
through which the nitrous acid had passed, 0.0262 gram was found; in the 
other one 0,0093. If stronger acid solutions be used, this action of the nitrous 
acid is still more marked. Tw-o similar pieces of silver foil, weighing about 
two grams each, were put, as in the above experiment, into dilute nitric acid, 
but containing 17.5 percent of HNO3 in place of 1.6 percent. Tw^o or three 
bubbles of nitrous acid were passed through one liquid only; immediately 
the silver in this liquid became covered with minute bubbles, and after twenty 
minutes the whole of the silver was dissolved, whereas the other piece of foil, 
after exactly the same length of time, was hardly attacked at all, for the liquid, 
on treating it with a chloride, gave only a slight cloud 6 f silver chloride. Nitric 
oxide passed into the solution gives, of course, similar results. There is an- 
other curious reaction with regard to the dissolving up of the silver in nitric 
acid. Two similar pieces of silver were placed in diluted nitric acid, but still 
so strong as to dissolve silver, that containing 17,5 percent of HNO3, for in- 
stance, and hydrogen was made to bubble through one of the tubes with 
silver solution, while through the other the hydrogen streamed without bub- 
bling through the liquid. In one experiment it was found that after an hour 
the silver in the tube through which the hydrogen did not bubble was entirely 
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dissolved, and in the other one the metal was not attacked to an appreciable 
extent by the acid, for the liquid gave only a faint cloud on adding a chloride, 
the bubbling of the hydrogen through the liquid having therefore protected 
the silver. This protective action is, however, in no way peculiar to hydrogen ; 
air will act in the same manner. The gas sweeps away any nitric oxide and 
keeps the nitric acid pure. 

*The dissolving up of the silver after it has been precipitated by the hydro- 
gen from silver nitrate may then be satisfactorily explained, if there be any 
, reason for the formation of only a trace of nitrous acid. A trace of this oxide 
of nitrogen is sufficient to start the action of the acid on the silver, and, once 
started, the action increases very rapidly in intensity. The reaction which 
takes place is probably something of this kind. The nitrous acid attacks the 
silver, forming silver nitrite, nitric oxide, and water, the nitric oxide thus form- 
ed reducing hydric nitrate and forming more nitrous acid. Thus the action 
gets quicker and quicker, and may be started by the addition of a lower oxide 
of nitrogen. The point still remaining to be explained is, then, how the first 
trace of nitrous acid is formed. Assume that to be formed, and with this 
cumulative action the rest is easy of explanation; and certainly if, as appears 
to be the case, pure hydric nitrate has little or no action on silver, at all events 
when dilute, it is not obvious why it should be formed.'^ 

Veley^ sums up his own results by saying that “the metals, copper mercury 
and bismuth do not dissolve in nitric acid of about thirty percent concentra- 
tion, and heated to a temperature of about 3o°C, provided that nitrous acid 
is neither present initially nor formed subsequently. To prevent these con- 
tingencies it is necessary to add a small quantity of some oxidizing substance 
such as hydrogen peroxide or potassium chlorate, or as less efficacious, potas- 
sium permanganate, or to pass a current of air, or lastly such a substance as 
urea, which destroys the nitrous acid by its interaction. 

“If the conditions are such that these metals dissolve, then the amount 
of metal dissolved and the amount of nitrous acid present are concomitant 
variables, provided that the nitric acid is in considerable excess. Change of 
conditions, such as concentration of acid and variation of temperature, which 
increase the former increase also the latter. Again, if the oxides of nitrogen 
and nitrous acid formed are kept within the liquid by enclosing it within a 
sealed tube, then the amount of metal dissolved in unit time is also increased.’^ 

Veley interprets his results on the assumption that nitrous acid is reduced 
readily to nitric oxide. “The experiments detailed above for the metals, 
copper, mercury, and bismuth, to which, according to RusselPs experiments, 
silver must also be added, have established the following facts: — (i) the pri- 
mary change is that between the metals and nitrous acid; (2) no gas is evolved 
at first from the surface of the metal; (3) the amount of nitrous acid increases 
up to a constant and maximum proportion; and (4) those conditions which 
increase the amount of metal dissolved per unit time, are equally those condi- 
tions which increase this constant proportion of nitrous acid. If then a trace 
of nitrous acid becomes once formed, and if, also, the quantity of nitric acid 


^Fhil. Trans. 182 A, 279 (1891). 
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is present in very considerable excess, it would appear that these results may 
be explained as follows: — (i) the metal dissolves in nitrous acid to form the 
metallic nitrite and nitric oxide; (2) the nitrite formed is decomposed by the 
excess of nitric acid to reproduce the nitrous acid; and (3) the nitric oxide 
formed in (i) is not evolved as such, but reduces the nitric acid or the nitrate 
to produce a further quantity of nitrous acid. These changes may 1)0 repre- 
sented thus, taking copper for example: 

(1) Cu+4 HN02 = ru(N()2)2+2 H2O+2 NO 

(2) Cu (N02)2 + 2 HN()3==( u(N03)2 + 2 HNO2 

(3) 2N0+HN03+H20=:3 HNO2. 

“The same equations apply to the other metals, mutatis mutandis. The 
condition of the increase in amount of the nitrous acid is satisfied, for at the 
start four molecular proportions take part, while five are ultimately produced ; 
the non-evolution of nitric oxide in the earlier stage of the change is also 
accounted for. But when the amount of nitrous acid has reached a certain 
point, the reverse of equation (3) takes place, and the nitric oxide is evolved 
from the liquid. 

(4) 3 HN02 = HN()3-f 2 NO+H2O. 

“At this point the nitrous acid is decomposed as fast as it is formed, the 
amounts of the reactions (3) and (4) per unit time being doubtless dependent 
as in other similar cases, upon the relative masses of the nitrous and nitric 
acids, upon the temperature and other conditions of the experiment. 

“This explanation is, however, only valid provided that the mass of 
nitric acid be in very large excess over that of the nitrous acid, for it is evident 
from the experiments described above, that, if there is no very great difference 
betw'een the masses of the two acids, the nitric acid serves to impede rather 
than to promote the chemical change, a result which is probably due to the 
greater stability of nitrous acid in the presence of a small quantity of nitric 
acid. 

“There yet remains one further point; if these metals by themselves do 
not dissolve in dilute nitric acid by itself, by what manner of means is the 
necessary nitrous acid formed initially? It is, of course, possible that the metal 
will enter into chemical change with an amount of nitrous acid less than that 
detected by the meta-phenylcne diamine ; it is also possible that some metallic 
impurity forms with the metal a couple wdiich electrolyzes the nitric acid, 
thereby producing nitrous acid. As regards this latter point, it is worthy of 
remark that, of the metals experimented with, mercury was less susceptible 
of chemical change than copper, and copper in its turn than bismuth. This 
order is equal to that of their probable degree of purity. 

‘*A few experiments were accordingly made to determine the amount of 
a foreign metal which could be added to pure mercury without promoting 
its reaction with nitric acid. These showed that one part in a thousand of 
pure copper and one part in eight hundred of pure silver added to mercury did 
not render the latter susceptible of chemical change, even with nitric acid 
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of 30.5 percent concentration, and heated to 28.5®, provided that both metal 
and acid were stirred continually. If both were at rest, then, as in the previ- 
ous experiments, the change commenced immediately.^^ 

It is to be noted that Veley gives no proof for this explanation. It is 
merely an attempt to account for the facts, and the explanation was apparent- 
ly the only one that occurred to him. As a matter of fact, there is nothing 
in his experiments or in those of Russell which proves his first contention that 
^^the primary change is that between the metals ahd nitrous acid.*^ What the 
experiments prove is that no appreciable action takes place when no nitrous 
acid is present and that the rate of reaction is a function of the concentration 
of the nitrous acid. It is not unreasonable to make the hypothesis that the 
reaction is between the metal and the nitrous acid; but that is quite a differ- 
ent matter from proving it. The reaction between methyl alcohol and acetic 
acid takes place very slowly at low temperatures. The rate of reaction is a 
function of the hydrochloric acid added and consequently Petersen' concluded 
that there was a reaction between methyl alcohol and hydrochloric acid to 
form methyl chloride. As TafeP showed, it was merely a case of the catalytic 
action of hydrochloric acid. It will be shown from Ihle^s work that nitrous 
acid is a catalytic agent and does not react directly with the metals. 

Veley's second equation is quite superfluous because cupric nitrite would 
not be formed in the first place. Veley’s real assumption is not that copper 
reacts with nitrous acid to form copper nitrate; but that nitrous acid is the 
hydrogen depolarizer. If Veley had worded his assumption properly, he 
would have seen that the intermediate formation of copper nitrite was an 
absolutely superfluous postulate. 

One cannot blame Veley for assuming that nitric oxide is a reduction 
product of nitrous acid. Too many other people have thought the same 
thing. Since wc now know,® as was shown by Armstrong^ nearly fifty years 
ago, that nitric oxide is not one of the direct reduction products of nitrous 
acid, Veley^s assumption becomes hopelessly improbable. 

While a is perhaps not fair to criticize Veley severely for having failed 
to appreciate Armstrong's work, he should have known that nitric oxide 
would have escaped to a greater or lesser extent in an open vessel. He should 
also have noticed that his own reasoning brought nitrous acid out as chiefly 
a catalytic agent. If we combine Veley^s three equations, we get 

Cu +4 HNO2+3 HNOa^Cu (N03)2+5 HNO0+H2O. 

If we cancel the four molecules of nitrous acid, we have 
Cu +3 HN03 = Cu (N03)2+HN02-}-H20. 


This does not preclude the possibility of nitrous acid forming some intermedi- 
ate compound in the course of its catalytic action; but it does make it incum- 
bent on somebody to prove that the intermediate reaction does take place. 


1 Z. physik. Chem. 16 , 385 (1895); 20, 33 (1896). 
*Z. physik. Chem. 19 , 592 (1896). 

‘Bancroft: J. Phys. Chem. 28 , 481 (1924), 

* J. Chem. Soc. 32 , 56 (1877). 
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In a later paper Burch and Veley^ attempt to show that nitrous acid is a 
stronger oxidizing agent than nitric acid and would therefore be reduced 
first, though this is not compatible with a marked building-up of the concen- 
tration of nitrous acid. 

Their general conclusions are as follows: — 

‘*1. The experiments detailed above show that when the metals, copper, 
silver, bismuth, and mercury are introduced into purified nitric acid of varying 
degrees of concentration, and a couple made with platinum, the electromotive 
force of such a cell increases considerably until it reaches a constant and (in 
most cases) a maximum value. This rise of electromotive force is attributed 
to the production of nitrous acid by the decomposition of the nitric acid, and 
the final value is considered to be due to the former acid only, while the initial 
value is due for the most part to the latter acid, though it is affected to a 
remarkable degree by the amount of impurity of nitrous acid either initially 
present or produced by minute and unavoidable uncleanliness of the metallic 
strips and the containing vessel. 

'^2. If nitrous acid has been previously added to the nitric acid, then the 
maximum electromotive force is reached at once. 

“3. If the conditions, namely, increase of temperature, of impurity, 
and of concentration of acid, are such as could favour a more rapid production 
of nitrous acid, then the rise of electromotive force is concomitantly more 
rapid. 

*‘4. Conversely, if the conditions are unfavourable to the production 
of nitrous acid, the rise of electromotive force is less rapid. 

‘^5. If any substance, such as urea, be added, which would tend to destroy 
the nitrous acid as fast as it may be fonned, then the rise of electromotive 
force is extremely slow, being dependent upon the number of molecular im- 
pacts of nitrous acid upon the surface of the metal. Thus the results obtained 
by the electrometer and of the chemical balance are in every way confirmatory^ 
the one of the other. These results open out the further question as to whether 
the electromotive force of batteries, in which concentrated nitric acid forms 
an ingredient, is dependent not upon the nitric acid per ,sc, as hitherto supposed, 
but upon the nitrous acid present in the fuming nitric acid, and formed also 
by the reduction of the acid by the hydrogen, which would otherwise be given 
off from the zinc and sulphuric acid.” 

These results would be very convincing if they were right ; but this seems 
not to be the case. Ihle^ found that a nitric acid solution containing nitrous 
acid is a less strongly oxidizing solution, than one containing no nitrous acid, 
though the rate of oxidation is increased by the addition of nitrous acid. 
^The two English investigators [Burch and Veley] always observed a rise of 
the electromotive force to a constant (maximum) value and also found that 
the time of this increase depended exclusively on the presence or absence of 
nitrous acid, addition of this acid causing a very considerable shortening of the 
time necessary to reach the maximiun value. Conditions such as higher 

^ Phil. Trans. 182 A, 319 (1891). 

*Z. physik. Chem. 19 , 577 (1896). 
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temperature increased concentration of the nitric acid^ etc., which favor the 
formation of nitrous acid, accelerate the increase of the electromotive force, 
while substances, such as urea, which decompose the existing or nascent 
nitrous acid, retard the increase of the electromotive force. They account for 
these phenomena by the assumption that the lower initial value of the electro- 
motive force is a measure of the potential of the nitric acid, while the higher 
final value measures the potential of the nitrovis acid. The rate of increase of 
the electromotive force depends solely on the number of nitrous acid mole- 
cules which are formed from the nitric acid. According to this point of view, 
the finally reached maximum of the electromotive force should be higher, the 
more nitrous acid there is in the nitric acid. Exactly, the opposite is true, as 
was observed by Burch and Veley; and 1 have myself confirmed this result. 
In order to clear up this contradiction Burch and Veley ^ assumed that nitrous 
acid ready formed is not so active a material as nitrous acid in the alternative 
process of formation and decomposition. The inadequacy of this hypothesis 
here is evident.^’ 

Ihle found that ‘^nitrous acid lowers the potential of nitric acid, the lower- 
ing being greater the more nitrous acid is added. On the other hand the addi- 
tion of nitrous acid increases the rate of oxidation of the nitric acid and there- 
fore decreases very markedly the time necessary for a dilute nitric acid solution 
to give the maximum value. If one adds nitrous acid to a very dilute nitric; 
acid before this solution gives its maximum value, the addition apparently 
causes a rise of potential. The resulting value is lower, however, than that 
which would have been reached in time by the nitric acid solution alone. 

“The addition of urea causes the destruction of nitrous acid and raises the 
potential of the nitric acid. Addition of urea to solutions containing less than 
35-40% nitric acid causes an apparent lowering of the potential, because at 
these concentrations the rate of change of the nitric acid decreases very much, 
the Grove cell changing to the Smee cell at about this concentration. Since 
the measurement of electromotive force involves some flow of current because 
the capacity of the capillary electrometer is fairly large, every observation is 
accompanied by some transfer of electricity, even though a very small one, 
and consequently by some chemical change. If the chemical changes take 
place very slowly, the measurements of electromotive force may be affected 
seriously thereby.” 

On the assumption that the potential of the normal calomel electrode is 
— 0.560 volt, Ihle makes the value for platinum in 95%; nitric acid —1.52 
volt, in 6 % nitric acid —1.23 volt, and in nitrous acid of unspecified concen- 
tration — 0.95 volt. Nowadays the signs would be positive and not negative. 

We can see in another way that there is nothing to Veley’s assumption 
that the metal dissolves to nitrite. If we add nitrous acid to the Grove cell 
or to the Smee cell, we increase the depolarizing action of the nitric acid; but 
no metal dissolves in the nitric acid solution and consequently there is no 
formation of nitrite. The behavior of these two cells was discussed by Ihle^ 

‘ Phil. Trans. 1S2 A, 330 (1891). 

*Z. Elektrochem. 1 , 174 (1895). 
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in an earlier paper. one dilutes the concentrated nitric acid in the Grove 
cell gradually and measures the electromotive force (of the cell at the same 
time, one finds that the electromotive force) remains nearly constant until the 
concentration of the nitric acid drops to about 38%. At slightly lower con- 
centrations the cell shows, though at first only for a very short time, a changed 
and much smaller electromotive force than the 1.8 volt characteristic of the 
Grove cell; it corresponds rather to the 0.7 volt of the Smee cell. If one 
dilutes the nitric acid more and more, the time during which the cell stays at 
the lower potential increases until at a nitric acid content of 27-28% the ele- 
ment keeps the low electromotive force of the Smee cell permanently. 

^To carry out this experiment, one pours dilute nitric acid into an ordinarj^ 
battery jar and puts into this two small, porous cups. In one of the cells is 
placed an amalgamated zinc rod and a zinc sulphate solution while a platinum 
electrode and the nitric acid to be tested are placed in the other porous cup. 
The two poles of the cell are connected through a galvanometer. Since the 
resistance remains the same in all the experiments, changes in the electromo- 
tive force of the cell will show as changes in the deflection of the galvanometer. 

^Tt seemed probable that th(' peculiar relation between the concentration 
of the nitric acid and the electromotive force of the cell w^as due to nitrous 
acid present in the nitric acid solution or formed in it wdiile the circuit is 
closed. This guess has been confirmed. If one adds a small amount of potas- 
sium nitrite to a cell containing less than 28%. nitric acid and therefore giving 
permanently the potential of the Smee cell, the galvanometer needle swings 
at once to the deflection corresponding to the electromotive force of the Grove 
cell. If one removes the nitrous acid again by adding potassium perman- 
ganate,^ hydrogen peroxide, or urea, the galvanometer needle goes back at 
once to the original value which corresponded to the Smee cell. 

“Just as one can make dilute nitric acid active as a depolarizer b}'' means 
of nitrous acid, so one can also remove the depolarizing power of concentrated 
nitric acid containing more than 38% HNOs, by removing continuously the 
small amounts of nitrous acid which are always present in so strong nitric 
acid by means of urea or potassium permanganate and can thereby convert 
a Grove cell into a Smee cell. With very concentrated acid containing 50-60% 
HNO3, the conversion is only temporary because more nitrous acid forms soon. 
From this it follows that nitrous acid is the real depolarizer in the Grove cell 
and not nitric acid as is usually assumed, or at any rate, that it is only in pres- 
ence of nitrous acid that the oxygen of the nitric acid reacts with hydrogen 
set free electrolytically at the platinum. 

“The question arises as to how this action takes place and it seems prob- 
able that we are dealing with a case of catalysis. Nitrous acid plays the part 
of a catalyzer here just as it does in other cases, such as the action of nitric 
acid on metals studied by V. H. Veley.^’ 

^ On adding potassium permanganate there is at first an increase in electromotive 
force corresponding to the high potential of permanganic acid; but the galvanometer needle 
goes back to the value corresponding to the electromotive force of the Smee>cell as soon as 
the permanganic acid in immediate contact with the platinum electrode is used up. 
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I think that this critical study of the literature shows that nitrous acid is 
not the actual depolarizer but that it acts as a catalytic agent making the 
nitric acid active. The next question is as to the way in which nitrous acid 
acts and I think that the answer to this question is suggested by the previously 
quoted statement by Burch and Veley^ that “nitrous acid ready-formed is not 
so active a material as nitrous acid in the alternative process of formation and 
decomposition.’’ If one substitutes nitric acid for nitrous acid in this state- 
ment, we have made a real step forward. I have pointed out in another paper^ 
that any reaction between so-called saturated compounds involves either a 
preliminary dissociation which means the breaking of a regular bond, or a 
preliminary association which means the opening of a contravalence or re- 
sidual valence. In the case of a solid catalytic agent the thing of real impor- 
tance is not the formation of a definite intermediate compound or the forma- 
tion of an adsorption complex; but is the formation of the free radical, taking 
the term in its broadest sense — ^which is the real reacting substance. In so 
far as we can duplicate photochemically the action of a contact catalyst this 
must be so, because light can activate a substance only by opening a normal 
valence or a contravalence. We can word this in a different way, if it will make 
it clearer to anybody, by saying with Baly® that activation means opening up 
fields of force, because “it is a necessary deduction that the condensing to- 
gether of the lines of force must result in a decrease of chemical activity, and, 
indeed, it would seem to follow that the true chemical aflBnity of any molecule 
cannot be exhibited until the condensed systems of force lines within each 
molecule have been unlocked or opened by some means.” 

“It is evident that the condensing together of the lines due to the force 
fields round the component atoms of a molecule must result in an enormous 
decrease in the reactivity of the molecule, and, in fact, it may be said that 
such a condensed system cannot react unless it previously be opened or un- 
locked by some means. For example, the well-known cases described by 
Baker, when pure, dry substances, such as ammonia and hydrogen chloride, 
lime and carbon dioxide, do not react together are doubtless due to the fact 
that the force fields of the molecules are so condensed together that no reaction 
takes place when they are brought together. The presence of water is re- 
quired in order to open these systems sufficiently for the reaction to proceed, 
the merest trace of water being enough to catalyze the whole reaction. Again, 
the converse cases of the vapors of ammonium chloride and mercurous chloride 
may be explained in the same way, for these molecules evidently possess their 
force fields so condensed that increase of temperature alone is not sufficient 
to open them, and the vapor densities correspond with those of the undissoci- 
ated molecules. The presence of water, however, opens the condensed fields 
sufficiently for the molecules to dissociate under the influence of higher tem- 
peratures. 

^ Phil. Trans. 182 A, 330 (1891). 

* Bancroft: Ind. Eng. Chem. 16 , 270 (1924). 

* J. Chem. Soc. 101, 1469, 1475 (1912). 
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'^The general phenomenon of catalysis is capable of explanation on these 
lines, for a catalytic agent may be defined as one which opens the condensed 
system of the reacting substance or substances so that their chemical reac- 
tivity is enhanced. Negative catalysis is equally capable of explanation, for 
a negative catalyst is simply a type of substance which tends to close up the 
condensed systems, and thus counteract the action of the solvent. Specific 
evidence of such closing of the molecular systems have been observed from 
absorption spectra, as will again be mentioned. 

‘‘It follows from the above that any chemical reaction must take place in 
at least two stages. First, the reacting substances must have their condensed 
systems opened up, and, secondly, these opened systems will react together 
to give the expected compound. It is clear that these stages should be possible 
of observation, and that, in the event of their taking place, they should evi- 
dence themselves in some w’ay. There is no doubt that the explanation of the 
color changes of the aromatic; ami noaldehydes and ketones when treated with 
alcoholic hydrogen chloride are due to these stages in the reaction. When, for 
example, o-aminoben-zaldehyde is dissolved in alcohol, the condensed system 
is partly opened, owing to its penetration by the force lines due to residual 
affinity of the alcohol. ( )n the addition of hydrogen chloride, the final product 
is, of course, the hydrochloride; but the base in the form in which it exists 
in alcoholic solution does not itself react with the acid to give the salt. It 
passes through an intermediate phase when it is opened up to a more com- 
plete stage, and it is this intermediate phase that reacts with more acid to 
form the salt. The intermediate phase has a yellow or red color with a charac- 
tc'ristic absorption band^ as has already been described.’* 

If we apply this point of view to the case that interests us at the moment, 
we see that a dynamic equilibrium must represent a more active state than a 
static one. In the case of the reversible reaction 

HNO3 + HN02:5P± 2 NO2 (or N2O4) + HoO, 

the nitric acid is continually going over to nitrogen peroxide and being formed 
from the latter. During the moments of change the nitric acid, the nitrogen 
atom, or some radical containing nitrogen and oxygen must be in a different 
state from what it would be if no nitrous acid were present and if this reaction 
were not taking place. If the particular intermediate stage involved in this 
reaction is one which permits more rapid reaction with nascent hydrogen, our 
problem is solved. Actually, wg have merely formulated our old problem in 
a new way. 

If this point of view is correct, we are dealing with a general problem and 
all cases of dynamic equilibrium should be more reactive along certain lines 
than if no dynamic equilibrium were involved. This generalization is very 
important if true and I am putting it forwai'd in this half-baked form in the 
hope of getting information as to previous formulations of the same idea which 
I am quite certain have been made, and of getting information as to innumer- 
able cases where this generalization wiU prove helpful. 

‘ Baly and Marsden: J. Chem. Soc. 93 , 108 (1908). 
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Electrolytic dissociation is a special case under this general head. The 
dynamic equilibrium represented by the equation 

RX:?z±R* +X' 

gives us forms which are much more reactive along certain lines than in the 
case of a non-ionizing solvent where this special equilibrium occurs at most 
to a negligible extent. 

In a recent paper Norris^ says that one of ^he major problems being 
studied at the Massachusetts Institute of Technology is ^'the change in reac- 
tivity of atoms and groups in organic compounds as affected by changes 
within the molecule and in its environment. Relative reactivities are measured 
by c(Mnparing the rates at which the several members of a series of compounds 
of the same type react with a second compound which is the same in all cases. 
In this way the effect of changes within the molecule can be measured. The 
influence of the presence of substances outside the molecule, such as solvents 
or catalytic agents can be measured in the same way. The solvent or catalytic 
agent affects the bonds in the activated compounds in the same way that 
changes within the molecule bring about this effect. In many cases compounds 
made up of the catalyst and the activated molecule have been isolated. It is 
highly probable that in cases where such addition compounds are not formed, 
a molecular attraction exists, which results from residual aflSnities. Two 
molecules, when brought together, must exert an influence, one on the other, 
and this must result in a change in the attractions between the atoms within 
each molecule. Solvents have a marked effect on the rate at which a given 
reaction proceeds. From the foregoing point of view, they act as true catalysts 
by altering the strength of the affinities between the atoms in the dissolved 
molecule. When the changes set up in the affinities lead to increased reac- 
tivity, the added substance is a positive catalyst. If, on the other hand, the 
reactivity is reduced, the substance functions as a negative catalyst. The 
normal rate of reaction between two molecules occurs when these two kinds 
alone are present.^’ 

Norris belongs rather to the Michael school than to the Nef school of 
organic chemists and he prefers to think in terms of association rather than 
of dissociation. The important thing to note, however, is that there is no 
evidence that the addition compound is the reacting substance. All the phe- 
nomena can be explained equally well, so far as we now know, on the assump- 
tion that the radicals, produced as the additton compound is formed or de- 
composed, are the reacting masses. This would mean that it is the reaction 
which causes the activation and that the reaction product is important only 
in so far as it makes the reaction possible. We have seen that nitrous acid 
is not the depolarizer under ordinary conditions when metals are attacked by 
nitric acid solutions. Consequently we areiorced, at any rate for the present, 
to postulate that the activation is due to the reaction. Of course, one must 
not claim that nitrous acid never acts as a depolarizer because that would 
make impossible the reduction of nitrous acid to hyponitrous acid, hydroxyl- 


^ Ind. Fng. Chem. 16 , 184 (1924). 
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amine, and ammonia. All that Ihle havS shown and'all that I am claiming is 
that we can ignore the possible reduction of nitrous acid under the conditions 
prevailing in Veley’s experiments. 

The general results of this paper are: — 

1. Under the conditions prevailing in Veley’s experiments, nitrous acid 
is not as strong an oxidizing agent as nitric acid and does not act as the depol- 
arizer. 

2. Nitrous acid acts catal5rtically in activating nitric acid. 

3. It seems probable that the activation of nitric acid depends on the 
dynamic equilibrium represented by the equation 

UNO, + 2 NO, + H2O. 

4. This interpretation brings the action of nitrous acid in line with the 
action of light and in line with the action of solid catalytic agents. 

5. If a state of dynamic equilibrium involves activation in certain direc- 
tions, this must be a general phenomenon and must be shown to occur in all 
such cases. 

Cornell University. 



THE DECOMPOSITION OF HYDROGEN IODIDE‘ 


BY H. AUSTIN TAYLOH 

The general problem of chemical reaction and reactivity has received con- 
siderable attention during the past decade, and numerous theories^ have been 
advanced which have attempted with varying success, to account for the many 
facts already observed. The treatment of reactivity from the point of view 
of chemical kinetics has met with apparent success in numerous cases but the 
time is rapidly approaching when it will be essential to verify practically all 
the data accumulated in the light of more recent advances before they can be 
used to confirm a theory. The writer has recently* called attention to the 
necessity of a modification of the earlier ideas of the general stability of mole- 
cules in view of the great influence of polar substances on various reactions, 
and on this account considerable doubt must be held regarding data with re- 
spect to supposedly homogeneous reactions. 

The recent attempts to obtain a solution of the problem of unimolecular 
reaction velocities remain open owing to the lack of data wherewith to confirm 
them. All the reactions which were supposed until recently to be unimolecular 
have now been shown to be at least bimolecular and except for examples of 
radioactive change (for an explanation of which the aid of such theories is 
unnecessary and inapplicable) not one example of unimolecular decomposition 
can be cited. Resulting from this and from the extremely general influence of 
catalysts, recent work by R ideal, Norrish and others^ has led to the conclusion 
that most chemical reactions are catalytic in nature, and that the number of 
bimolecular reactions which are known to occur in the gaseous stete without 
a catalyst is rapidly decreasing. Attempts at a theoretical evaluation of 
bimolecular reaction velocities have made use in many cases* of data of reac- 
tions which were assumed to be homogeneous gas reactions but which are now 
being shown not so. 

In the attempt by Lewis to calculate the velocity constant of the bimolecu- 
lar decomposition of hydrogen iodide, although, as Dushman has pointed out, 
the success of the re-sult in no wise confirms the radiation hypothesis, the agree- 
ment between calculated and observed velocity constants is taken as satis- 
factory. An empirical factor for the distance within which two molecules ap- 
proach during collision is employed in the deduction, a very slight change in 
which would cause complete non-agreement between the calculated and ob- 
served reaction velocities. In the calculations of Dushman, the heats of acti- 

> Contribution from the Laboratory of Physical Chemistry. Princeton University. 

•Trauta: Z. anorg. Chem., 106 , 8i (1909); Lewis: J. Chem. Soc., 105 , 233O (1914)' 

Perrin: Ann. Phys. 11, .s (1919); Dushman: J. Am. Chem. Soc., 43 , 397 (1921). 

> J. Phys. Chem., 28 , 510 (1924). 

* J. Chem. Soc., 123 , ^7, 3006 (1923). 

* Lewis: J. Chem. Soc., 113 , 471 (1918); Dushman: loc. cit. 
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vation at various temperatures are obtained which show no falling trend as 
would be expected from the definition of heat of activation, the mean value 
being compared with that obtained from the average temperature coefficient 
of the observed velocity constants. The data employed in both cases are 
those due to Bodenstein^ on the assumption that the velocity constants 
therein obtained pertain only to the purely gaseous decomposition of hydrogen 
iodide. One of the main results of this investigation is that in glass vessels 
this decomposition is not a purely gaseous reaction but is influenced effectively 
by the surface in contact with the gas phase. (Consequently it would seem that 
the data are inadequate for the purpose required and the agreement obtained 
between observed and calculated results fortuitous. Nor is it possible at the 
present time to make use of any data whereby such calculations may be un- 
equivocally tested. In a forthcoming textbook*^ Edgar has considered the 
mass action equilibria in the following gaseous systems, complete references of 
which are also given : 


(1) 

(2) 

(3) 

U) 

(5) 

( 6 ) 

(7) 

( 8 ) 

(9) 

fio) 

(ii) 


Hs+COs 

— »- CO+H20 

N,+Oj 

— >» 2NO 

CO+i/ 20 , 

— ► C02 

HS+1/2O2 

— H20 

N2O4 

— >- 2N02 

NO2 

— NO+I/202 

h 

— 2I 

(CH,COOH) 

2— > 2 C'HsCOOH 

I / 2 N 2 ”|" 2 H 2 

— NH, 

S02"f" I / 2O2 

— SO, 

HC1+I/402 

— I/2CI2+I/2H20 


In the majority of these reactions no data are available of actual reaction 
rates wherewith a direct test of the mass action expression may be obtained. 
In those cases where data are available it has been shown recentlythat such are 
not reliable if interpreted as purely gaseous reactions, for example in the case 
of the oxidation of hydrogen to steam and of carbon monoxide to carbon 
dioxide the influence of water vapour has been indicated previously and no re- 
action velocity measurenients are available in absence of water vapour. 
Similarly in the synthesis of ammonia, all available velocit}^ data have been 
obtained in presence of various catalysts. With reference to the more recent 
reactions studied, RideaP has shown that the formation of hydrogen sulphide 
is influenced by the surface of the sulphur undergoing reaction, whilst Daniels^ 
points out that the decomposition of nitrogen pentoxide is autocatalysed by 
nitrogen dioxide. 


^ Z. physik Chem., 20, 295 (1899). 

* ‘‘Treatise on Physical Chemistry.” Vol. I Chapter VIII, (1924). 

» J. Chem. Soc., 123 , 704 (1923)- 

^ J. Am. Chem. Soc., 42 , 1131 (1920); 43 , 53 (1921); 44 , 757 (1922). 
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The conclusion is to be drawn therefore, that for the aforementioned the- 
ories of bimolecular gaseous reactions, as also for the law of mass action as 
applied to such reactions, no evidence is available whereby a direct test of the 
deductions may be made. 

Experimental 

The general method adopted to study the decomposition of hydrogen 
iodide was a dynamic one, pure hydrogen ibdide flowing at a constant rate 
through a tube kept at constant temperature, the effluent gases passing into 
an aqueous solution of potassium iodide, the resulting iodine and hydriodic 
acid being titrated with standard sodium thiosulphate and potassium hydrox- 
ide respectively. From these data the total amount of hydrogen iodide passing 
in a given period of time (twenty minutes was found to be a convenient time 
and was employed throughout) and the percentage decomposition could be 
calculated, as also could the reaction velocity knowing the volume of the tube 
in the furnace. 

Pure hydrogen iodide was prepared by treating red phosphorus and iodine 
with water in the usual manner, purified by passing through moist red phos- 
phorous and through a IJ-tube kept in an ice bath to remove further condensi- 
ble products, and finally dried over phosphorus pentoxide. The gas was then 
collected in the holder by immersing this in a bath of solid carbon dioxide and 
ether. When suflScient solid hydrogen iodide had been collected the holder 
was sealed and kept in the carbon dioxide bath. 

In making an experiment the holder was allowed to warm up to o°C and 
maintained thereat by immersing in an ether bath in melting ice. This de- 
veloped a pressure in the holder amounting to approximately four atmospheres 
and by allowing the gas to flow slowly through a side tube having a fine capil- 
lary which allowed about twenty cubic centimetres to pass per minute, a con- 
stant flow of gas could be maintained as long as any liquid hydrogen iodide 
remained in the holder. This side tube was connected to the reaction tube 
inlet by a short piece of rubber tubing. The reaction tube was fixed in the 
centre of an electric furnace which could be maintained at constant tempera- 
ture to within The outlet of this tube had a ground-glass joint to 

which could be attached the potassium iodide absorber. 

Preliminary experiments having shown conclusively that slight traces of 
oxygen in the reaction tube caused considerable deviations in the constancy of 
the results, the hydrogen iodide gas was allowed to pass through the tube for 
about half an hour before any run was commenced, traces of oxygen, both in 
the reaction tube and the holder being thereby removed by reaction with the 
gas, the resulting iodine and hydriodic acid being absorbed in aqueous potas- 
sium iodide. After such a period, when equilibrium had been obtained in the 
normal decomposition of the gas, the potassium iodide absorber was rapidly 
changed and the hydrogen iodide allowed to flow for twenty minutes, the 
resulting solution being then titrated as stated. The entire glass apparatus 
used throughout the work was made of pyrex, the glass powder being made by 
grinding pyrex tubing. 
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Results and Discussion 

The first experiments made were at temperatures of 480 and 5oo°C', using 
a reaction tube of 122 cubic centimetres volume having an inside area of 
approximately 600 square centimetres. The results obtained were: 




Table I 



Temp, in °C 

Total HI in g. 

HI docompoaoding. 

Percent decomp. 

Mean. 

0 

0 

00 

2.5767 

0.0332 

1 . 29 


480 

2.4967 

0.0327 

1-31 


480 

2.5438 

QC 

0 

0 

6 

1 . 21 

1.24 

480 

2.5325 

0 0205 

1 . 16 


480 

2.4728 

0 . 0308 

1-25 


500 

2 5798 

0.0718 

2 . 78 


500 

2-5785 

0.0705 

2.74 

2.80 

500 

2.5811 

0.0731 

2.83 


500 

2.5591 

0 0731 

2.86 


On substituting in pla(*e 

of the reaction tube used previously, which was 

bent round several times in 

the furnace, a straight tube with 

a bulb in the 

centre so that the total volume was the same namely 322 cubic centimetres, 

but whose inside area was only about one third that of the first, 

the following 

readings were obtained : 






Table II 



Tonip. in 

Total HI in 

11 1 decomposed in g 

Percent decomp. 

Mean. 

480 

2 . 4606 

0.0276 

I . 1 2 


480 

2.3483 

0.0263 

T . 12 

T . 13 

480 

2.3716 

0 

d 

1.14 


500 

2.6286 

0 0626 

2.38 


500 

2 . 6492 

0.0614 

2.32 

2.38 

500 

2 . 6529 

0.0651 

2.45 



The general decrease in the percentage decomposition at both tempera- 
tures is significant suggesting that the effect is not due entirely to a purely 
gaseous reaction, since the volume of the reaction system was the same in the 
two cases. Since the surface has been decreased and the decomposition de- 
creases accordingly, the extent of surface to some degree governs the reaction. 
That this apparent effect was real could be demonstrated more effectively by 
increasing many times, the difference in the extent of surface in the two cases. 
To effect this, glass powder was prepared as stated, which would pass through 
a fine sieve of approximately one square millimetre mesh, and was spread in- 
side the reaction tube in such a way that the free space was now 100 cubic 
centimetres. Experiments were then made at temperatures of 400®, 4 ^ 0 ° 1 
480®, 500® and 52o®C first with the empty tube and then with the tube con- 
taining glass powder, the duration of each run being twenty minutes. The de- 
compositions so observed are given in Table III. 
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Table III 


Temp, in ®C 

Total HI ing. 

HI decomposed ing. 

Percent decomp. 

Mean. 

400 

2.21975 

0.00825 

0.371 


400 

2.21942 

0.00792 

0-357 

0.361 

400 

2.14162 

0.00762 

0.3.56 

«• 

460 

2.7855 

0.021^0 

0.75 


460 

2.6956 

0.0196 

0.73 

0.74 

460 

2-5625 

0.0190 

0.74 


480 

2.4967 

0.0327 

1.31 


480 

2.5325 

0.0295 

I . t6 

1.24 

480 

2.4728 

0.0308 

1-25 


500 

2-5798 

0.0718 

2,78 


500 

2.5785 

0.0705 

2.74 

2.80 

500 

2.5591 

0.0731 

2.86 


520 

2 . 5023 

0.1578 

6.31 


520 

2-5508 

0.1628 

6.38 

6.31 

520 

2 . 5243 

0.1578 

6.25 


The above are for the empty tube, the following for glass powder: 

400 

2.5770 

0.0445 

1.73 


400 

2.5535 

0.0435 

I. 71 

1-73 

400 

2.3412 

0.0412 

1 . 76 


460 

2 . 5905 

0.1135 

4-38 


460 

2 • 5445 

0.1115 

4-38 

438 

460 

2.5782 

0. 1127 

4-37 


480 

2.6013 

0.1578 

6.07 


480 

2 . 5608 

0.1503 

5.87 

5-95 

480 

2-SS03 

0.1503 

5 90 


500 

2.3804 

0. 1904 

8.00 


500 

2-5474 

0,2029 

7.96 

7.08 

500 

2 . 4992 

0.1992 

7-97 


520 

2.3866 

0.2856 

11.96 


520 

2.3853 

0.2843 

II .92 

11.94 


The first point to notice, is the increase in the amount of decomposition 
at each of the temperatures in presence of glass powder over that in the empty 
tube. At 4oo°C the decomposition as calculated from velocity constants 
(see subsequent sections) is about five times as great, at 46o®(^ seven and a 
half times, at 48o°C, six times whilst at 500 and 52o®C about four and five 
times respectively. It would consequently seem that the small effect of in- 
creased surface previously noticed has been fully confirmed. Further it would 
appear that, since the effect of surface decreases with increasing temperatures, 
the total decomposition measured is a complex quantity, one part of which 
was increasing more rapidly than the other. If we consider this complexity 
as being due in part to a purely gaseous reaction and in part to a reaction on 
the glass surface, the previous statement may be interpreted that the tempera- 
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ture coefficient of the gaseous decomposition of hydrogen iodide is greater than 
that of the surface reaction, and that whereas at 46o°C the velocity of the 
gaseous reaction was seven times slower than that of the surface reaction, at 
520®C it is only three times as slow. 

Since the total amount of hydrogen iodide which passes in twenty minutes 
is known and also the volume of the tube in the furnace in each case, it is 
possible to calculate the time of contact of the gas with the hot tube, that is 
the actual duration of each experiment, and, from this, the velocity constant 
at each temperature both with and without glass powder. Table IV gives 
the results of such calculations with the logarithms of the velocity constants 
calculated in gram moles per litre per second. 


Table IV 


Reaction 

Temp, in ®C. 

Velocity constant k 

log k 

Empty tube. 

400 

I 23X10“^ 

— 1.9112 


460 

2.56X10-2 

-1.5918 


480 

4 . 20X 10-2 

-1.3768 


500 

9.81 X TO-2 

— 1 . 0083 


520 

2.31 XlQ-^ 

-0.6364 

Glass powder. 

400 

7 35X10-2 

-I 1339 


460 

1 92X10-^ 

— 0.7167 


480 

2.62X10""^ 

-0.5817 


500 

3.62X10“^ 

-0.4413 


520 

5 . 68X 10“’ 

-0.2457 


If the logarithms of the velocity con- 
stants are plotted against the reciprocals 
of the absolute temperatures as shown in 
the figure it will be observed that straight 
lines are not obtained (Curves I and II). 
As previously assumed, the velocity con- 
stants observed are in all cases made up 
of a gas and a surface reaction. Since, 
however, the amount of gas reaction is 
very approximately the same in the two 



cases namely in the empty tube and with 
glass powder, the volumes of the reaction 
tubes being almost the same, if the velo- 
city constants of the empty tube be sub- 
tracted from those with the glass powder 


Fig. I 

Curve 1, velocity of HI decomposition 
in empty tube. 

Curve II, in presence of glass powder. 
Curve III, velocity of surface reaction. 


the resulting values should be independent of gas reaction and the logarithms 


plotted against the reciprocal of absolute temperature should give a straight 


line. That such is the case is seen in Curve III shown in the figure. The 


slope of this line gives the heat of activation of the surface reaction and thence 
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the temperature coefficient in the range studied. The value so obtained is 
10,700 calories for the heat of activation, yielding a temperature coefficient 
for 10® in the region of 490®C of i . 10. 

From the figures in Table IV it will be seen that for the data with glass 
powder the apparent temperature coefficient for 10® between 500 and 52o°C 
is 1,22 whilst that between 400 and 46b°C is 1.17 and the decrease would 
seem due to the increase in relative amount of surface reaction at the lower 
temperature. The value i . 10 obtained above would therefore appear to be a 
reasonable one in the limiting case of pure surface reaction. 

In this connection it was of interest to find in an approximate manner 
what particular constituent in the glass was the effective catalyst. The 
possibility that during the early passage of hydrogen iodide through the tube, 
neutralisation might occur of some alkali in the surface layer, the influence of 
sodium iodide on the percentage decomposition of hydrogen iodide was studied 
in a manner similar to that used previously.. It was found, however, that the 
resulting decomposition was comparable to that occurring in the empty tube. 
Using pure silica, however, which was powdered to the same extent as the 
glass employed above, the percentage decomposition at 480%' was 3.21, 
whilst with the glass powder at the same temperature 5.95 percent was de- 
composed and in the empty tube 1.24 percent. The catalytic effect of silica 
therefore is manifest. The greater influence of glass powder may be due to 
the fact that the silica in glass may assume the role of a promoted catalyst 
and, whilst the soda itself is inert, the possibility exists of its ability to promote 
the catalytic influence of the silica adjacent to it in the glass surface. On the 
other hand the effect may be simply due to differing surfaces in the glass and 
the silica. 

As regards the purely gaseous reaction nothing can be said at present owing 
to lack of knowledge as to how the complex data above are to be divided. 
The straight line of surface reaction is of no assistance since the percentage of 
surface reaction at each temperature is not known. Suffice that, since from 
the curve the amount of gas reaction in the data for the empty tube, is rapidly 
increasing, the tangent to the curve at 52o®C should give a very approximate 
measure of the temperature coefficient of the gaseous reaction. The value 
obtained is approximately 2. The value of the temperature coefficient ob- 
tained by Bodenstein, for what must have been a complex reaction comparable 
to that in the present experiments with the empty tube was 1.53 in the tem- 
perature region employed, that calculated from the data in Table IV between 
500 and 52o®C has exactly the same value. 

However, even if it were possible so to divide the complex data actually 
observed into two parts namely a surface reaction and a gaseous reaction and 
from this division to calculate the absolute velocities of the two reactions, the 
evidence is not yet conclusive that the reaction velocity so calculated for the 
gaseous phase may be interpreted as relating solely to the gaseous bimolecular 
decomposition of hydrogen iodide. Further experiment may show that even 
this decomposition in the gas phase is a catalysed reaction and until such is 
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proved incorrect the data even if available from a mode of treatment such as 
that above, may not be used for a strictly rigorous test of expressions for 
bimolecular gas reaction velocity. 

Of the many so-called homogeneous gas reactions so far studied but one 
would appear to be truly so. The formation of phosphorus pentachloride as 
studied by the author recently {he. cit.) is a true gas reaction being unaffected 
by the walls of the containing ves.sel as also by water vapour, but in this case, 
it was shown too that liquid chlorine and phosphorus trichloride react with 
violence even at — 78°(', which would preclude the evaluation of the rate of 
combination. 

With reference to the hydrogen bromide decomposition it would seem 
certain by analogy with the foregoing results that in this case also the glass 
surface of the reaction chamber would con,siderably affect the rate. It remains 
only for similar work as herein stated for hydrogen iodide to be repeated with 
hydrogen bromide to prove such a .statement. The same should be true also 
of the synthesis of hydrogen bromide and iodide from their elementary con- 
stituents. 


Summary 

(1) . The decomposition of hydrogen iodide has been studied by a dy- 
namic method at temperatures from 400 to 520°('. 

(2) . The effect of a change in the extent of surface maintaining the vol- 
ume of reactant constant, has been fully demonstrated, and the decomposition 
shown to be composite of a surface reaction and a reaction in the gas phase. 

(3) . The temperature coefficient of the surface reaction is 1.10 for 10° 
whilst that for the reaction in the gas phase would seem to be approximately 
2 in the temperature range employed. 

(4) . The general bearing of such facts on the recent theoretical considera- 
tions of gas kinetics is indicated. 

Princeton, N. J. 



ADSORPTION BY ACTIVATED SUGAR CHARCOAL. IIP 
The Mechanics of Adsorption 

BY F. E. BARTELL AND E. J. MILLER** 

In earlier papers^ we have shown that the process of adsorption of electro- 
lytes, by activated sugar charcoal, from aqueous solutions is largely hydro- 
I>^ic in nature. As a result of such adsorption an aqueous salt solution may 
become increasinglv acidic or increasingly basic depending upon the nature 
of the salt used. 

We have shown that the anomalous results obtained by previous investi- 
gators have, for the most part*, been due to the presence of impurities in the 
charcoal used. Owing to the great differences in the natme of the results 
obtained by the earlier investigators it has not been possible to bring out a 
general theory covering the mechanics of adsorption which could be well sup- 
ported by experimental facts. The results obtained by us were so surprisingly 
consistent that we felt justified in attempting to work out a generalization 
into which all our experimentally determined facts would fit, and from this 
develop a theory for the mechanics of adsorption of solutes by carbon. 

The comparatively recent work on crystal structure, namely, the arrange- 
ment of atoms within a solid body, and consequently the arrangement of 
atoms thus necessary at the surfaces, as well as the excellent work on orienta- 
tion of molecules at liquid surfaces, has been so well substantiated by recent 
experiments that the theories covering them are now regarded as practically 
(‘stablished facts. 

While Devaux was the first to make a careful study of oil films, Hardy‘s 
was probably the first to state clearly a theory of a definite orientation of 
molecules at a liquid surface. Langmuir^s experimental data with layers 
of oil on water^ has made it seem highly probable that definite molecular 
orientation of dissolved or partly dissolved (polar) molecules does exist at 
a water-air interface. Langmuir and Harkins, working independently, 
arrived at the same conclusion relative to the orientation of surface molecules. 
Harkins^ states that, “The surface tension phenomena in general are dependent 
upon the orientation and packing of molecules in surface layers and the forces 
involved in that action are related to those involved in solution and adsorp- 
tion.^' According to this view those substances containing so-called polftr 
groups are more soluble than similar substances which do not contain these 
groups. According to this theory the active groups, such as COOH, CO, CN, 

♦Presented at the New Haven meeting of the American Chemical Society, April 1923. 

♦♦Contribution from the Chemical Laboratories of the University of Michigan and 
Michigan Agricultural College Experiment Station. 

^ Bartell and Miller: J. Am. Chem. Soc., 44 , 1866 (1922): 45 , 1106 (1923). 

* Hardy: Proc. Roy. Soc., 86 A, 610 (1912). 

*LaBginuir; J. Am. Chem. Soc., 38 , 2221 (1916); 39 , 1848 (1917). 

♦Harkins; J. Am. Chem. Soc., 39 , 354 (1917); 39, 541 (1917). 
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OH or CONH2 strive to enter the water and do so provided the other gjoup 
is not too large. In case th(‘ other group is too large, it cannot be pulled into 
the water and a new phase must result. It is assumed that the soluble ends 
of the molecule (i.e., groups as above named) may still exiter the water, and 
this results in a definite orientation of the molecules at the surface. 

Our own experimental data on adsorption of solutes by carbon conforms 
well with the abov(^ view. With organic polar compounds concentration oc- 
curs at the surfa(‘e and th(» molecules appear to become definitely oriented with 
radicals such as C'OOH, (X), ("N, OH or COHN 2, pointing into the water 
phase with the hydrocarbon groups diic^ctly in contact with the solid carbon 
phase. 

Theory of Mechanics of Adsorption, We shall accept the view presented 
by Langmuir that attractive forces (“residual forces^) exist at the surface of 
all solids. These forces may be considered to be due to electronic behavior 
resulting in “stray fields” around th(' surfa(*e molecules. No attempt will bo 
made to discuss this phase of th(^ problem. Wc shall assume that these forces 
funrition as w(*ak chemical force's in that different censtituents of matter may 
b(' held upon the surface of the solid. These forces differ (possibly in magni- 
tude only) from primary vah'iice force's. It is through the operation of these 
residual forces that true adsorption occurs. 

We shall postulate: 

1. Th(' characteristics of surface residual forc'es diff('r with different sub- 
stances. The residual forces may operate so as to attract and hold anything 
which can be held by forces of that type and magnitude. 

2. The residual force s may have i)reponderance of attraction for electro- 
positive substances. 

3. They may have a preponde^rance of attraction for electronegative' sub- 
stances. 

4. There may exist a distribution of these residual forces such that they 
may exert equal attractive forces for el(‘ct ro-posit i ve and elect ro-n('gative 
substances. 

5. We shall accept the view expressed by Langmuir of definitely arranged 
condensation or adsorption points or “elementary spaces” existing upon the 
surface. 

6. The work of Perrin,^ Halnn* and Klemensiewicz,^ Cameron and Oettinger^ 
and Others has shown quite conclusively that both H and OH ions impart to 
th(‘ surface a charge of the sign they carry. Pt'rrin assumed the operation of 
some force holding these ions on the surface'. Haber and Klemensiewicz 
consider that an adsorI>ed layer of water is held at the surface as a result of 
which the surface may function as a compound and reversible type of hydrogen 
and hydroxyl electrode. WX' shall accept this view, namely, that in the case 
of carbon in water or a water solution, H and OH ions are held on the surface, 
in a definite distribution arrangement. 

‘ Perrin: J. Chim. phys. 2, 601 (1904). 

* Haber and Klemensiewicz: Z. physik. Chein. 67 , 385 (1909). 

* Cameron and Oettinger: Phil. Mag., 18 , 586. 
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The efifective covering of adsorption points by any given kind of ion is 
largely dependent upon the concentration of that ion in solution. Other ions 
may displace the H or OH ions held at the surface. Such displacement of 
ions results in so-called adsorption. Lewis^ would indicate the electronic 
structure of water thus : H : O : H. Each hydrogen atom has the same relation 

to oxygen and to the rest of the molecule. We can assume that water mole- 
cules are adsorbed on carbon and that the apparent ion adsorption is depend- 
ent upon a change of intensity with which the different atoms are held to- 
gether by the electron pairs. 

Accepting the Lewis theory for sharing of electrons, water molecules are 
held together as follows: :0: H :0: H 

H H 

The orientation of the adsorbed film might be considered thus: 

C 
C 
C 
C 
C 
C 

Inasmuch as we have no definite proof relative to the precise orientation 
of adsorbed water molecules we shall use the simple diagram below. 

C — H :0: H (H ion adsorption) 

C — H : O : H (OH ion adsorption) 

C — H : O : H (Molecular H 2 O adsorption, greatly in preponderance) 

A view, similar in some respects, has been expressed by Mukherjee* who 
states: ‘‘We shall assume that the atoms on the surface do not exert any 
chemical affinity on the hydrogen and hydroxyl ions as such, or on the dis- 
solved acid with which it may be in contact. The adsorbed water molecules 
behave as a solid layer, being held by strong chemical forces. It is clear that 
the surface will be neutral in contact wth chemically pure water. The mole- 

^ “Valence and Structure of Atoms and Molecules,” Chrm. Cat. Co. 1923. 

®Phil. Mag. (6) 44, 321 (1922). The main points of difference between the views 
of Mukherjee and our own are that we assume that atoms on the surface may exert a 
“chemical affinity” on hydrogen and hydroxyl ions as such during the periods these ions 
are dissociated as above indicated. This jieriod may be of extremely short duration and the 
de^ee of dissociation of the water molecules ^t this surface is probably of about the same 
order as the degree of dissociation of the molecules in the bulk of the liquid-water. We as- 
sume further that the surface may not be neutral in contact with pure water but instead 
that the surface forces of the adsorbent may be of such a nature as to bring about a tendency 
to share electrons such that either a preponderance of H or of OH ions may be held on the 
solid surface while the ion of opposite sign resides in the adjacent liquid layer; this would 
tend to give an apparent electrical charge to the solid. We assume that an ad^rbed ion 
is directly in contact with the adsorbent. 


:0: H:0:H 
H H 
:b: H:0:H 
H H 
:0: H:0:H 
H H 
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cules of water in the adsorbed layer are in thermodynamic equilibrium with 
those in the bulk of the liquid. It is reasonable to suppose that a transfer of 
an electron is taking pla(.*e between the hydrogen atom and the hydroxyl 
group in the water molecules in the surface layer, as it does in the molecules 
in the liquid since the adsorbed water molecules behave as a solid layer, re- 
combination would take f)lace mostly between adjacent hydrogen and hy- 
droxyl ions. The recombination will be extremely rapid. It can be assumed 
that at any instant the number of hydrogen or hydroxyl ions actually remain- 
ing free in the surface will be a negligible fraction of the total number of water 
molecules.^' 

7. Other ions may displace the H or OH ions thus held at the suface. 
Such displacement of ions n'sults in so-called adsorption. 

8. In case one ion is replaced by another, the dissociation tendency for 
that ion with its associate ion may be greater or may be less than the disso- 
ciation tendency for the pair previously held. This would result in an open- 
ing or closing of their electrical field and would result in a change in the mag- 
nitude of the double electrical layer potential. The double layer charge of the 
particle may be due to this effect. True adsorption in aqueous solutions is 
probably, in the majority of cases, of this type. 

Mechanicfi of Adsorption, \\c may consider the follo^ving as representing 
equilibrium conditions of the system, carbon-water: 

(a) C.Ht - OH? 

(b) C.H07-Ht 

(c) ( . HOHg (greatly preponderant ) 

C. represents carbon adsorptive capacity. 

n't and OHg represent adsorbed ions. 

H“f and OH? represent “free ions” in liquid layer (outer electrical 
layer). 

Let the solute in solution give MA = M’^+A"". Consider first the effect 
upon condition (a). 

C.Ht -~OH?+M“f +A?. If MA is highly dissociated and if does 
not displace Hgl* the equilibrium change will be negligible. If on the 
other hand does displace H « , the equilibrium of this system may be repre- 
sented, first as: 

C, OH;~Ht 

C. H+ ~OH?-hMt + A? 

C. OH;-Ht 

and after adsorption as: 

C. OH;-Ht 

C. Mt ~OH?+H?+A? ‘ 

C. OH;-Ht 

has displaced H,!^. We may consider that MOH has been adsorbed 
and we have our choice of considering whether is in equilibrium with 
OH» or OH? or both, (i.e., whether the OH ion of MOH is itself actually 
adsorbed). For convenience we shall indicate the equilibrium as follows: 

(d) CMt- OH?, or, CM^ - A? 
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depending upon the chemical affinities and resulting equilibrium conditions 
between and A“ and OH"*. With this view it is possible to see why an 
anion may wander off into solution. It lies of course at all times near an asso- 
ciate of cation, in the above case the H ion. Likewise, we must consider con- 
dition (b) C.HOh— I f Af does not displace HOg the effect will be but 
slight. If Af does displace HO;, then we will hkve: 

(e) C.A;-Hr (or,C.A;-M?) 

Both Hg and OHg might l^c displaced which would result as follows: 

(f) C.Mt-OHF 

(g) c.a; 

We see that the equilibria at (f) and at (g) may be largely independent of 
each other. The velocity of the displacement reactions may be far different. 

The Sign of the Particle 

The apparent charge upon the solid and the resulting magnitude of the 
electrical double layer is dependent upon the dissociation tendency of the 
substances adsorbed. Consider and A“ equally adsorbed, then if dissocia- 
tion in (f) is greater than that in (g) the particle will appear positively charged 
even though the actual adsorption of and A“ are the same. Addition of acid 
tends to repress the dissociation represented in (b) ; likewise tends to increase 
the adsorption of Ht in (a). Addition of base represses dissociation repre- 
sented in (a) and increases adsorption of OH” in (b). In so far as ionization 
tendencies of molecules, tluit is, of ion pairs, are concerned, those adsorbed 
respond in the same general manner to ion eonc^entration changes as do those 
within the liquid phase. We can show fuither that the Freundlich adsorption 
formulation x/m = nC^^” should apply. 

On considering the adfoiption of the individual ions the adsorption iso- 
therms for the cations M, and anions A, can be expressed : 

ot MiCfiM 

m 

and 

— =aAiCj8A 

m 

« M and jS M values, according to Svedb(^rg^, might be quite different 
from the « A and /3 A values. 

Replacement Effects of Ions with Carbon as Adsorbent 

On the basis of the above theory — a determination of the OH ion concen- 
tration of solutions of different salts with a common cation before and after 
adsorption should give an indication of the relative adsorption of th(' different 
anions, the adsorption beijig determined by the amount of OH ion set free. 
Based upon this test we obtained the oder for relative adsorption of anions 
by caibon.2 While these determinations were not made with a high degree of 
accuracy, they did, however represent fairly accurate qualitative results. 
It was noted that we obtained an adsorption order quite similar to the Hof- 
meister series. 

^ Svedberg: Report of P^araday Society and the Physical Soc, of London, p. 2 (1920). 

* Bartell and Miller: Loc. cit. 
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On the whole it was found that ncp:ative radicals with hydrocarbon groups 
displaced OH more readily than did the inorganic radicals. All negative 
radicals were able to displace OH" at least to some extent from carbon. Ions 
of metals less noble than H did not displace from carbon. Metals^ more 
noble than H did displace H^. A salt in solution having a cation less noble than 
H when treated with carbon gave an alkaline* reaction. The reactions may 
be represented as follows: Let mA = Salt with (‘atioii loss noble than H. 

(h) C.H; ~0H7 +mJ+A7=C.H’ ^Oir+int-OH“f 

C.HO;-Hf C.A, 

A salt in solution having a (*ation more noble than H will give an acid 
reaction. 

(i) C.H: - OH“f + ]Vr+A-= C-Mt ~OH1 +h; +A7 

C . H07 H t c - ho; - H t also, 

C.Mt-OH'f +HOH 

(\a;~ii; (h; +A7) 

Some A- will be adsorb(*d, but r(‘latively less A“ will be adsorbed than : 
therefore th(* reaction of th(' solution vill lx* acid. Salts with hydrocarbon 
cations behave as noble metals in displacunnent of H' fiom carbon. A conclu- 
sion somewhat similar to the above was n'fiched by Tammamr’ who measured 
potentials of minerals galena, litharge, zinc blende', grajihite, magnetite, 
Iron ])yrites, (dc., against a normal hydrogc'n electrode. He studied these 
minerals uruk'r different (‘onditions of polarization in contact, with solutions 
of their salts and found that less noble cations were exchanged for the more 
noble hydrogen cation. This H cation then proteeded them from exchange 
with metal ions which were less noble than H ion. This work was believed to 
substantiate the observations of Kubens^ and to explain the adsorption of 
vory small quantities of radio active substances and of small quantities of 
noble metals in compounds of the less noble nu'tals. 

Adsorption of Acid Dyes by Carbon 

Consider an acid dye, such as sodium picrate, to be of the general type 
inR^^m^+R; 

The solution containing activated carbon becomes alkaline with the first 
addition of a dilute solution of dye. We have here conditions as in (h). R“ 
displaces OH; and is adsorbed, liberating OH"" ion to solution. The m’^OH'" 
liberated to the solution accounts for the alkaline reaction. With successive 
additions of dye solution the replacement of Oil; bt'cornes less and less so 
that successive additions of dye throws successively less OH^ ion into solution. 
No Hg ions are displaced by m f . 

^ We have evidence that seme polyvalent cations less noble than H as can 

displace H. In practically every case in which H has thus been displaced, the displacing 
ion has been reduced. For example, Fe*^ was reduced to Fe^. Ions of the noble metals 
are reduced to free metal as Ag^ to free Ag. 

*Z. anorg. Chem. 113 , 149-62 (1920) 
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Basic Dyes 

As a general type we may take RoA==R( 7 +A (i.e., methylene blue). 

The reaction in this case progresses according to (i) above. The cation 
readily displaces the from carbon and the rate of reaction is rapid. The 
anion can displace OHs"” from carbon, but thje reaction is less rapid and the 
displacing power is less than that of the cation Rcf"^ with the following result. 
Upon addition of carbon to a solution with low concentration of dyestuff, the 
solution will become distinctly acid, but as adsorption of anion progresses the 
solution will become less acid and finally will again be left neutral. At higher 
concentration of dyestuff or addition of larger amounts of it, the adsorption of 
A” will reach practically its maximum while R c continues to be adsorbed. This 
liberates to the solution giving permanent acidity and the system behaves 
in every way according to type (i). As more RA is added to the solution R c 
adsorption continues and the color is removed until the displacement of by 
Ref reaches a maximum. 

Adsorption vs. Chemical Constitution 
According to the foregoing view it is seen that adsorption demands orienta- 
tion of molecules at surfaces. Furthermore, in case the molecules are polar 
and contain COOH, CN, OH, Cl, or CONH2, etc. these groups would extend 
toward the water phase, in fact would probably exist in the outer double elec- 
trical layer. The addition of one or more of these groups to a molecule would 
tend to make it more polar, accordingly more soluble, with the result that the 
positive ion would tend to pass to the solution and less of it would be adsorbed 
for a given concentration. This we have seen to be the case. It has been 
found that benzoic acid is highly adsorbed, according to the above view we 
must consider the negative radical is in this case in contact with the carbon. 
The addition of an hydroxy group to this compound decreased the amount 
adsorbed. The addition of the hydroxy group to succinic acid likewise de- 
creased the adsorption, while the addition of the second hydroxyl group de- 
creased the adsorption still more. The introduction of an amino group de- 
creased the adsorption even more than the hydroxy group. Similar results 
were obtained when the hydroxy group was introduced into propionic acid. 
Introducing UH2 groups into the anion increased its adsorption. This has 
been observed also by numerous investigators. The benzene ring structure 
likewise results in higher adsorption. We may consider then that an increase 
in hydrocarbon content results in a decreased solubility in water, at the same 
time it is probable there results an increase in affinity for the carbon. Ac- 
cording to the above we can see that organic, i.e., carbon containing radicals 
are readily adsorbed. They may displace either or depending upon 
their charge. 

Inorganic acids are but comparatively slightly adsorbed because the inor- 
ganic anion replaces more feebly the ion. Inorganic bases are adsorbed 
scarcely at all, owing to the fact that cations of metals less noble than H do not 
displace from carbon. Thus we have no concentration of base at the inter- 
face^ 

^ Sitzungsber. Akad. Wise. Berlin 1, 47 (1917) 



ADSORPTION BY SUGAR CHARCOAL 


999 


Summary 

The facts from our experimental data are in accord with the following 
theory: 

1. The surface structure of activated sugar charcoal has a crystal lattice 
such that the surface atoms form ^‘elementary spaces” from which operate 
residual forces. The nature of these forces are such that in water solution H 
and OH ions are held adsorbed in a more or less definite and regular arrange- 
ment. 

2. The OH ions thus held can be displaced by almost any anion and are 
most readily displaced by organic anions. 

3. The 11 ions thus held can be displaced to any appreciable extent^ 
only by cations more noble than P. (Also by cations with a valence greater 
than two). 

4. Radicals containing hydrocarbon groups readily displace either H 
or OH ions. The longer a hydrocarbon chain the greater the displacement 
i.e., the greater the adsorption. 

5. Adsorbed molecules of solute are oriented at the solid liquid interface, 
the more polar portion being on the solution side, the less polar in contact with 
the carbon. 

6. The addition of OOOH, OH, or rONH2 group to an organic acid 
(causes the latter to become more highly polar with the result that the solute 
tends to be drawn to the solution phase bringing about a lesser concentration 
of solute at the interface with an attendant lesser adsorption. This statement 
holds good only for adsorption from water solution. Entirely different results 
might be obtained with an organic solution. 

7. The introduction of a second carboxyl or hydroxyl group results in an 
increased polarity, a decrease in adsorption, and a decrease in concentration 
at the interface. 

8. With a basic dye, the molecule is oriented at the surface so that the 
positive dye radical is in contact with the carbon. In the case of methylene 
blue the dye radical is held adsorbed by the carbon having displaced H ion, 
and the Cl radical of the dye displaces OH ion, though to a lesser degree, and 
is also adsorbed. The velocity of the latter displacement is much lower than 
that of the first, which results in temporary acidity of solution which gradually 
disappears. 

9. With an acid dye such as sodium picrate, the dye radical readily dis- 
places the OH ion causing the solution to become alkaline. The sodium ion 
being less noble than H ion cannot displace that ion from carbon, with the 
result that the solution remains alkaline. 

10. Orientation of molecules due to adsorption will result in the formation 
of an electrical double layer, this layer occurring between the adsorbed ion 
and its associated ion of different electrical sign which is opposite it in the 
liquid layer. The magnitude of the potential of this electrical double layer 
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will be largely dependent upon (a) the degree of adsorption of the one ion and 
(b) the tendency of the ion pair to dissociate. Such ion pairs are never widely 
separated but each aids in forming the effective surfaces of the electrical 
double layer. 

II. Our data have shown that in the) case of carbon with the Various 
solutes investigated, the order of adsorption or increase in concentration at 
the interface is in general agreement with the change in surface tension at an 
air-liquid interface. This fact shows that the extent of change of surface 
energy in both cases is similar and that we must consider decrease in free sur- 
face energy in connection with adsorption studies. 
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Protoplasmic Action and Nervous Action. By Ralph S. Lithe . 10 X hi cm; pp. xui -^417. 
Chicago: The Ihdrernity of Chcago Preany 1023, Price’. $3.00. In the preface, p. xi, the 
author says: “The p;eneral physical conditions under which chemical reactions are initiated, 
accelerated or retarded, and influence other reactions at a distance are undoubtedly the 
same in living as in non-living matter; hut the spc'cial features of composition and arrange- 
ment in the jirotoplasniic system often render detailed analysis difficult. Tndcr these cir- 
cumstances the study of “nKxh'ls” simple artificial sj^stems in which the action of single 
factors may be isolated and observed — may be of great service, and 1 have made use of this 
method in a number of instances h’or example, the transmission of the efTects of stimulation 
in nerve and other irritable forms of protojilasm n'seinbles closely (‘crtain types of chemical 
transmission or (list an<‘e-a<‘t ion in inetal-idecUrolyte combinations; many biocatalytic 
reactions an* identical with those induced by colloidal platinum or (‘harcoal; there are also 
instructive analogies between firganic growth and certain types of inorganic growth. IManj 
fundana'iital jihysical jirocesses which play an important part in protojilasrn are independent 
of the special chemical comiiosition of the material; thus the influence of radiation and 
€'lectricity on living matter is a sfiecial case of the* general influence which these agents exer- 
cise under appropriate conditions upon all chemical reactions. The detailed nature of tht* 
conditions in {irotoplasm can be determined only liy special investigation.” 

The chapters are entitled: general characteristics of living matter; the cellular organ- 
ization of living matter; general characters of living organisms; gcmeral peculiarities of 
protojilasm as a {)hysi(*al syst(*m; physical naturt* of protoplasmic structure; protoplasmic 
structure; g(‘n(‘ral conditions determining the properties of protoplasmii* membranes; 
relation of the inorganic salts of the medium to the physiological processes in protoplasm; 
general physiological a<‘tion of lipoid-alterant and surface-aid ive substanc(*s; catalysis in 
relation to the chemical processi s in living matter; ele(‘trical and other factors in the cata- 
lytic action of protoplasm; stimulation and transmission of excitation in protoplasm; 
biolectric phenomena; membrane (*hanges during stimulation; the physico-chemical basis 
of transmission in nerve and oth(*r protoplasmii! systems. 

“Then* is also evidence that the internal protoplasm of the single cell is frequently per- 
vaded by a systimi of films or closed partitions giving a (‘hambered type of structure; and 
the possibility of intracellular chemical dilTerentiation (“chemical organization”) has been 
rcferretl to this condition. Such a chambered structure corresponds essentially to that of 
an emulsion-hke (ir alveolar system. Apparently any physico-chemical system which is 
built up largely of water and substances in aqueous solution must be a partitioned system 
if it is to maintain within a small space a high degree of chemical difTerentiation together 
with a corresponding diversity of chemical activity,” p. 22. 

“In all organisms this selection of assimilable material from the environment and its 
transformation into living protoplasm proceed automatically and are regulated m corre- 
spondence with the physiological requirements, as these vary with the changes of activity 
and of external conditions. Both the automaticitv and the ri'gulated character of these 
activities an* W'ell illustrated by the changes in the reaction of animals to food materials 
during periods of “hunger.” Consumption of the energy-yielding reserves within the living 
protoplasm leads to an increased reactivity of the whole organism to these substances 
Through this means the maintenance of the metalxilic equilibrium is assured under the usual 
conditions. Regulation of this kind is shown to a greater or less degree by all organisms, 
and constitutes a fundamental condition of self-preservation; typically if the organism is 
deprived of any substance or condition necessary for maintenance, its reactivity and be- 
havior are altered in a manner tending to compensate or remove the deficiency. Thus 
hunger is, physiologically speaking, increased reactivity to food materials; thirst is increased 
reactivity to water; the respiratory center of vertebrates increases its rhythm as CO 2 
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accumulates in the blood ; when the oxygen in the water is decreased^ the gill*cilia of the 
fresh- water clam beat more vigorously. These and many other instances illustrate the 
manner in which a physiological deficiency may itself furnish the means of setting in motion 
some physiological mechanism which remedies the deficiency. The end-effect of all such 
regulatory responses is to further the persistence of the organism in its environment. As 
already mentioned the term adaptive is usually applied to those special peculiarities of 
structure and activity by which the organism is automatically conserved in spite of environ- 
mental change; hence, from the present generalized point of view any active adaptation 
may be regarded as a special kind of regulation. It is evident that all such regulations are 
based upon a highly developed irritability; this fundamental property of irritability, there- 
fore, confrols all of the active relations between organism and environment, including the 
interchange of material and energy which is the essential feature of such relations,^' p. 29, 

^The general conclusion seems therefore justified that the specific biological characters 
of an animal or plant depend ultimately upon the specific chemical characters of its pro- 
teins. The developing germ, or the growing and metabolizing organism, builds up proteins 
of specific constitution, and these, since they determine the specific structural characters 
— with the correlative physiological activities — or the organism, form the basis of its biol- 
ogical specificity or special singularity as an organic species. A fundamental problem, 
therefore, relates to the condition determining the synthesis of proteins of its own specific 
type by each form of protoplasm. This problem is as yet unsolved. Apparently the pres- 
ence of proteins of a certain composition and configuration promotes or ' ^catalyzes’ ^ the 
formation of proteins of similar or complementary configuration. A general condition 
comparable with autocatalysis thus determines the specific character of the protoplasmic 
syntheses, but such a statement merely defines the problem without solving it. The prob- 
lem, however, cannot be solved before it is clearly defined, and its solution would unques- 
tionably represent a great advance in biological knowledge, since it would involve the solu- 
tion of the fundamental problems of growth and heredity,” p. 36. 

'The experimental studies and observations of the last twenty years have led more and 
more to the conclusion that the general or fundamental structure of protoplasm corresponds 
more closely to that of an emulsion than to that of any other simple non-living physical 
system. The most general facts of its chemical composition are in agreement with this 
conclusion. Water-insoluble constituents (lipoids) occur in association with colloidal con- 
stituents which have water-combining powers (proteins). The whole resulting complex 
is during life immiscible with water, and typically is Iwunded from the external watery 
medium fonning its immediate environment by a layer or surface-film having semi-permo 
able properties. The semi-permeability and the water-immiscibility of the surface layer 
appear to be interdependent properties; they suggest the existence of a continuous external 
layer of water-insoluble material of fatty or similar nature. The unit of organic structure, 
the cell, would thus appear to be a system with an aqueous internal phase limited externally 
by a thin water-insoluble phase or boundary layer. The aqueous internal phase forms one 
component of a system, the cell protoplasm, which is structurally and chemically highly 
complex, and emulsion-like in its general physical constitution,” p. 67. 

^‘Hober and Kozawa found this isoelectric point to vary for different species of corpuscles 
and to be characteristic for a particular species; i.e., certain corpuscles are more readily 
made positive than others by H ions and polyvalent ions; thus the corpuscles of rabbits 
and guinea pigs were found 4 o require the least H-ion concentration for reversal and those 
of the ox and the pig the highest; those of the dog, cat, goat, and man were intermediate,*^ 
p.ioo. 

Graham observed in 1854, P* that “potassium sulphate showed positive osmosis in 
alkaline solution and negative in acid when a bladder membrane was used; sodium chloride, 
on the contrarj”, showed positive osmosis in acid solution and was indifferent in neutral 
solution. . . . The transport of the ions of salts, and consequently the permeability of a 
given membrane to a diffusing salt, are similarly affected by the electrical state of the parti- 
tion, and this inffuepce has recently been studied by Girard. If the polarization Of the 
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membrane (potential difference between its opposite faces) has certain orientation, the pene- 
tration of a salt like magnesium chloride or sodium sulphate in the one direction is facili- 
tated, in the other direction hindered." 

‘*If during the local stimulation-process there is in fact a temporary breakdown or disso- 
lution of the protoplasmic surface film, a temporary inertMise of permeability to water- 
soluble diffusible substances should be associated with stimulation. The normal senii- 
j>ermeabilitv of the living cell, implying impermeability to water-soluble substances of low 
molecular weight (neutral salts, sugars, and amino-acids), depends on the structural con- 
tinuity of the plasma membrane; and when this continuity is interrupted in any way, the 
effect is equivalent to a lf)8H of semi-permeability. Hiich an effect may be temporary and 
difficult to detect in those cases where the surface-film is rapidly re-formed; but in flie more 
favorable instances we should expect to find direct evidence of increased permeability during 
stimulation, in addition to the indirect indications afforded by the bioelectric variation and 
the refractory period," p. 346. 

^'Direct proof of the increased permeability of rapidly responding tissues like vertebrate 
muscle or nerve during normal stimulation is difficult to obtain. In the case of muscle the 
results gained with the method of electrical conductivity are of uncertain value, since the 
change in the form of the tissue, the production of electrolytes (e.g., lactic acid) in the proc- 
ess itsedf, and the change in the distribution or quantity of the intercellular fluids (lymph), 
all affect the total conductivity ; hence the obsc'rved alterations may depend on other fac- 
tors than the changing jiermeability of the plasma membranes. Direct observation of the 
penetration of easily detectable compounds into the muscle cell has given better results; 
recently Mitchell and his associates have shown that rubidium and caesium chlorides do not 
enter the muscle cells when the resting mu.scle is perfused with Ringer’s solution containing 
these salts, but penetrate readily when the tissue is thrown into contraction by stimulating 
the nerve. In this case there seems to be an unequivocal dc'monst ration of increased perme- 
ability to inorganic salts during stimulation. Kmbden finds that frogs’ muscle gives off 
inorganic phosphate to the medium during contraetion but not during rest, and he regards 
this fact as further evidence of an increase of iK*rmeahility during stimulation, ’’p. 356. 

^‘The general fact that chemical effects are produced in protoplasm by the electric 
current and that protoplasm jiroduces electric currents in its activity, when considered in 
conjunction with the further fact that thcst» jihenomena are di*pendent on the structure of 
the living system and disappear with the loss of semi-permeability (as at death) - as wxdl 
as the various other facts reviewed above, which relate stimulation to ine;mbranc changes — 
indicates clearly that the electrical sensitivity of living protoplasm is intimately eonneeted 
with the pr( se rice of the senii-permrable partitions e)r surface-films. These partitiems have 
high electrical resistance and aic therefore highly jiolarizable; they are also e'xtremcly thin; 
hence when they aie polarized by the passage eif a current there is a correspondingly ste^ep 
fall of potential betwwn their opposite faces. The hypothesis naturally suggests itself that 
the existence of these steep gradients is the essential condition on which the che'mical acliem 
of the electric current in living protplasm depends," p.406. 

“Such a conception of protoplasmic structme and action is fully consistent w^ith the 
views reached on the basis of histological research, and it has the further advantage of corre- 
lating the structural features of the living system with the special peculiarities of its chemical 
and physiological behavior. The great diversity exhibited by living organisms shows that 
the protoplasmic type of constitution permits the widest variation in the details of structure 
and activity. Yet the essential or fundamental structure common to all forms of proto- 
plasm is apparently uniform ; viz., a film-partitioned or film-bounded arrangement or organ- 
ization of phases of different chemical composition. With this type of structure, of which an 
elementary model is an emulsion structure, the properties of growth, chemical activity, 
and irritability characteristic of living matter appear to be intimately bound up. Systems 
having this stnicture will give a maximum of polarization when traversed by electric cur- 
rents, and hence a maximum of chemical effect. Most of the problems relating to the mode 
of action of such systejns, especially the problem of the conditions of specific synthesis (the 
most characteristic property of living matter), are still unsolved. The study of artificial 
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sy .stems having a similar type of physical constitution may be expected to throw further 
light on the nature of protoplasmic action, and also to indicate the directions in which fur- 
ther physiological research is most desirable,” p. 409. 

Wilder D. Bancroft 

Physikalisch-chexnische Ubungen. By W, A, Roth. Third edition. Si8X15cm;pp. 
tdii+^78. Leipzig: Leopold Foss. Price: Seven shillings. The present edition of this 
well-known work on practical physical chemistry was published in 1921, and is a photo- 
mechanical reproduction of the second edition, purged of its errors, with various supple- 
mentary sections added at the end of the book. This method of taking account of new 
material has, of course, a number of disadvantages, but was probably justified by existing 
high production costs which would have entailed an increase of price if the book had been 
entirely re-set. 

On the whole, the book is very good and is doubtless widely used, as it deserves to be, in 
German laboratories. The whole range of physical chemistry is covered, and the experi- 
ments and apparatus are clearly discussed and explained. The diagrams and illustrations 
of apparatus are, however, in most cases distinctly inferior. Emphasis is laid on the impor- 
tance of fully understanding the calculation of results from (‘xpcrimental data, and many 
specimen calculations are given. In the supplementary sections, titration by conductivity 
measurements, h3^drogen electrodes, freezing-points of metallic alloys, and colloids, are 
among the most important subject .s discussed. 

Since all German students doubtless have at hand, for reference, the larger books by 
Ostwald-Luther-Drucker and by K. Arndt, one cannot help thinking that the author would 
improve his book as a text-book for students, by omitting many of the more purely phj^sical 
exercises, which arc usuallj' carried out in a phj^sics laboratory, and some of the qualitative 
experiments and theoretical discussions, which appear to belong, more appropriately, to a 
text-book dealing wuth the theory of the subject. In this waj% the c.ost of the book would 
be reduced or, alternatively, room w'oul<l be made for further experiments of physical 
chcmittal interest. 

Alex. Findlay 

Introduction to Physical Chemistry. By Sir James Walker. Ninth edition. 21X14 
cm: pp. xiiA-4^^8, New York: Macmillan arid Co.^ 1922, Price: $4 AO. This has been one 
of the standard text-books for a quarter of a century. In the preface to this edition the 
author says that it has been found necessaiy to revise many chapters and practically to re- 
write those dealing with the intimate nature of the atom and the system of the elements. 

The reviewer was much interested in the graph, p. 27, for tlie relation between atomic 
weight and specific lieat, also in the paragraph, p. 68. ‘Occasionally it happens in the prac- 
tice of organic; (diemistry that a substance, whose nature is unknown, is suspected, on ac- 
count of similarity of melting-point to be identical with a given substance. In such a case 
the known and unknown substances are mixed and a ‘mixed melting point’ is taken. If the 
substances are identical, the melting point remains unchanged. If they are different, the 
melting point is lower and no longer sharp, as each of the mutually solidile organic substances 
lowers the melting point of the other.” 

On p. 61 the author says that ‘‘the occurrence of an absorption band in the spectrum of a 
compound is often attributed to a manifestation of ‘residual affinity’ existing in the molecule, 
hully saturated organic compound.s show no banded absorption, but compounds containing 
‘double bonds’, or atoms such as those of oxygen or nitrogen, which are capable of assuming 
a higher valency than is associated with them in the ordinary formulation, frequently dis- 
plays ^vell- marked absorption spectra. Here ‘residual affinities’ and ‘partial valencies’ come 
into play which arc not expressed in the ordinary organic constitutional formulae.” 

“Water and alcohol ydeld )>rown solutions with iodine and may therefore be reasonably 
supposed to form some species of compound with the iodine, as there is no evidence of dis- 
sociation of iodine molecules. If iodine is dissolved in glacial acetic acid at the ordinary 
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tempc^ratiire, the solution is brown; but, when the solution is heated to the boiling point 
of the acid, it assumes a distinctly pink colour. This b(;haviour may be held to indicate 
that the compound of iodine with acetic ac.itl, stable at the ordinary t(‘inperature, decaim- 
poses when heated to the vicinity of 100",” p. 219. 

^‘Considcirable light has been thrown on the structure and magnitude of colloidal parti- 
cles V)y means of X-ray analysis. It will be shown that a homogeneous beam of X-rays 
may be applied to cdueidatc the internal structure of crystal. By an ingenious modifica- 
tion the method may be ap])li('d, not to a single d(‘finitc;ly-oriented crystal, but to a rod of 
compressed crystalline particles of c*veiy pCjssiVile oricaitation. By measurement of the* 
lines obtainc»d on a jihotographic film, c'onciiisions may be drawn both as to the structure 
of the crystals, and as to the size of the erystallin(‘ parlicics. Lic]uitls and Irulv amorphous 
solids, e.g. glass, give none of the eh araet eristic lines of crystals Investigation showcnl that 
the particifs of colloid gold protecied by gelatin and c‘vaporatcd to dryness are in reality 
CTyslalJine, and that they po.^sc ss tlu> same structure^ as that of massive gold (*rvstals. The 
values for the magnitudes of the colloidal particios of grid agrecal closely with those obtained 
by otbc'r methods. Colloidal silicic acid appeared to be mostly amorphous lait eontaincJ 
many c*rystalliiie particles. CUiatin was eomplet(i> amorphous,” p. 22H. 

It semis a pity to tell the studemt , j) 178, that “the osmotic pressure of a substance in 
dilute solution is numeric*ally ecpial to thi* gascnnis pressure which the substance would exert 
wH-re it contained as a gas in the same volume as is occupied by the solutions.” It would be 
rnuc'h bc^ttcu* to say, as van’t Hoff did, that the volume' m cjuestion is that o<*cupied by the 
solvent; but that this is practically the same' as the' volume oe‘eiii>ied liy the* solution in the 
ease of a dilute solution. 

The author seems to believe in (ihosh’s figure's, p. 262, and he writes the formula for 
mercurous chloride as HgCl instead of Jlgjf 'b, p 347. Both these points sheiulel be e-hanged 
in the tenth edition. 

Wilder I). Bancroft 


Thermochimie. By F. Bounon {(^olleclion de phy.stque et eh\mn\ imbued undei the 
direction of P, Lanycnn, J, Perrin and (i. Urhain) pp, Pant^' (). Ihnn, JO -^4 

Price: I'if) franc There is a ne*('d at the present tune* for a tri'atisi' on thermochemistry 
in which the experimental methods used, and the results obtained, since the ]>ublication of 
the classieal treatises of B(‘rthelot and Thomsen an' deserilied. The advances in techmcpie 
and tin* somewduit drastic revision of some of the earlier results art* not suffieiently described 
in the tr<*atises on physical ch<‘inistry, and the literature is vi'ry diffuse. In bringing to- 
gc‘ther some of tlu! iiew'cr researches, and discussing some of the results, the author of the 
present work has performerl a useful servi<‘e, and his book may be weleomed as an addition 
to the library of the ehermst In some parts, as will be explained belo\v, it is far from giving 
a true jiietun* of the present state of the subject, and the absenei* of an index removes most 
of its value as a work of reference. One of the most regrettable features of the majority of 
I reneh books is the absence of an index, and there is no doubt that their use by the English 
and American reader is seriously restricted by this omission. The (‘ditors of a new senes 
of treatises, such as the one at present discussed, would do well, if they hope to reach a larger 
circle of readers, seriously to consider this question. 

The subject of thermochemistry can hardly Ik' studied wdth advantage apart from the 
science of thermodynamics, of which it forms a part, but it is a convenience to have a separ- 
ate work on the experimental side of the subject. Many of the more ac^eurate values of the 
thermal magnitudes have been determined by indirect methods, and the present treatise 
gives a full account of these methods, with ample illustrative examples. 

The book begins by a brief description of the theory of heats of rea<*tion, and of their 
variation with temperature (law of Kirchhoff). It is pointed out that an exact knowdedge 
of a beat of reaction involves also an exact knowle?dge of the specific heats of all the sub- 
stances taking part in the reaction, and also of the latent heats of any changes of state*^ 
which may occur. A description of direct calorimetric methods then follow^s, in which at ten- 
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tioii is paid to the various methods of determining the cooling correction. It is stated that 
the book is based on original memoirs, and it is therefore to be regretted that so many 
names in this and other sections are given incorrectly. The experiments at high and low 
temperatures are considered, and an excellent description is given of the method applied 
in the determination of the heats of reactions which occur slowly, such as the inversion of 
sugar. 

The section dealing with the determination of the latent heats of fusion and of evapora- 
tion is less satisfactory. Only a few methods are described, and in the case of latent heats 
of evaporation the method of Bert helot is given without an indication that it is far from 
satisfactory. This method was made the object of a careful study by Harker, and the errors 
in it are kno\vn to be large. 

A good account of the determinations of the specific heats of solids at low temperatures 
made by Nernst and his school is given. The numerical details quoted add greatly to the 
value of this section. 

The short section devoted to the specific heats of gases is extremely unsatisfactory- 
None of the newer methods is even mentioned, and the information supplied gives a com- 
pletely erroneous impression of the actual state of the subject. Of direct, methods, only 
those of Rcgnault, of Mallard and Le Chatelier, and of Langen are given. All these have 
long been superseded. Clement and Desormes’ method only is mentioned among those 
depending on adiabatic expansion, and Kundt's method only among those utilizing the 
velocity of sound. The author states (p- 359) that the text-book of Nernst was among the 
treatises consulted; it is much to be regretted that he did not make more extensive use of 
the information on the recent work on the specific heats of gases which is contained in 
it. The slightest thought cannot fail to bring home the great importance of a knowledge 
of the specific heats of gases in nearly every branch of chemical technology. There is no 
point in determining with any accuracy the thermal values of fuels if the thermal capacities 
of the gases leaving the flues is not known with an accuracy within 25 per cent., yet some- 
thing of this kind is the general practice among engineers. The numerical results given on 
pp. 124-125 are far from accurate. It is also incorrect to class hydrogen among other dia- 
tomic gases (O2, N2, HCl, CO, NO) as having a value of Cv approximately 5 cals. ; the 
specific heat of hydrogen is abnormally low. 

A clear account, with examples, is given of the various methods used in the indirect 
determination of heats of reaction. These nearly all depend on the application of the Sec- 
ond Law of Thermodynamics, and the author confines himself to the formulae as given, 
and shows how they can be applied. It is clear that modern thermochemistry is becoming 
more and more a branch of applied thermodynamics, and that results obtained by the aid 
of the Second Law are in many cases more accurate than those found by direct methods. 
The values of the fundamental constants R) used differ in various parts of the book. 

The second half of the book is taken up by a discussion of Relations stoechiotnilriques 
en thermocMmie.'' The idea that the heat of reaction is a measure of the affinity of a reac- 
tion has long ago been abandoned, but a large number of generalisations of great value in 
this field are known. Thus, the fact that the heat of neutralisation of a strong acid by a 
strong base is constant (the recent work of Richards and Rowe is not mentioned) leads to 
conclusions as to the state of solutions. The determination of the partition of a base be- 
tween two acids by the method of Thomsen, the law of thermo-neutrality, and the phenome- 
na of hydrolysis, are all described in detail. The method of Urbain, Job and Chauvenet 
for the dete(!tion of complexes in solution is considered. Variable volumes of solutions of 
salts are mixed in such a way that the total volume, corresponding with a total unit molecu- 
lar concentration, is constant, and the evolutions of heat are plotted against composition 
in the same way as in the freezing point diagrams. Maxima and nunima occur in positions 
corresponding with double or complex salts. 

The concluding section deals with the difficult field of thermal phenomena as related to 
constitution among carbon compounds. It is emphasised that the experimental results are 
still not sufficiently accurate to enable one to proceed to any very satisfactory systematic 
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considerations in this field, although some interesting conclusions may be reached, for ex- 
ample, in substitution when the exalting and depressing actions of certain groups arc studied . 
The most recent value for the heat of combustion of benzene (781-7 cal.) favours the 
Ladenburg or centric formulae according to the method of calculation of Thomsen, which 
requires 9 single linkages, yet when the formula for the solid state is used, the assumption 
of three double bonds in benzene is supported. The calculations of P'ajans lead to the result 
that the linkage C-C in saturated hydrocarbons is nearly identical, from the point of view of 
energy, with the linkage of carbon atoms in the diamond; the energy absorbed in separating 
a gram atom of hydrogen single-linked to carbon is calculated as 11,7)0 cals. Fajans’ 
calculations, however, have been criticised. General formulae for heats of combustion of 
various types of organic compounds arc discussed, and the effects of substitution are con- 
sidered. The coexistence of two substituents gives rise to an exaltation or depression of the 
heat of substitution of hydrogen by one of them: the carbonyl group reduces the heat of 
substitution of hydrogen by fluorine, whilst the hydroxyl group increases it, in aliphatic 
compounds. In aromatic compounds this effect is much more marked. There is some rela- 
tion between the thermal effect of a substituent and its power of orientation. 

The known results in many groups of organic compounds are discussed, and the difficulty 
of generalisation is apparent. 

The book is well written and the results are precisely given ; vague statements are avoid- 
ed and the information cannot fail to be interesting to chemists as a whole. 

J. li. Partivgion 

Einffihrung in die mathematische Behandlung der Naturwissenschaften. By W, Ner?ist 
aikd A> Schoev flies. Tenth enlarged and corrected edition. Munich and Berlin: li. Olden- 
hourg. Price: Bound, twelve gold marks, paper, ten gold marks. 

The textbook of Nernst and Sehoenflies is well known to former students of Physical 
Chemistry. It gives a clear and neat account of the elements of the Differential and Integral 
Calculus, presented in a form suitable for direct application to physical and chemical prob- 
lems and without obscuring the wood by the large trees of abstract theories on limits and 
series which, however necessary they may be to the mathematician, are merely repulsive 
and unnecessary in the eyes of the laboratory worker. There are some who argue that 
mathematics is best shunned by chemists altogether, as a discipline which can only blunt 
those fine instincts which in the past have led them through so much of the undergrowth 
which encumbers a new science. But much of this rank growth has since been clo,ared. The 
Phase Rule has laid swaths of possible compounds low, and much speculation is now de- 
barred by a few simjile principles. Whether a chemist would be better with or without 
mathematics, however, is a question which is best left to those who have no occasion to 
calculate and interpret the results of the laboratory, and the worker may be excused if he 
postpones his participation in the discussion and pushes on with the problems, whi(*h, in 
nearly all cascis, require some mathematical knowledge for their solution. The fall of a 
stone cannot bo repnjsented without employing the ideas of the calculus, attd it is hardly 
likely that the more complex problems of chemical reaction will prove any easier. 

The additions made to the present edition are sections on the Heat Theorem by Nernst, 
and sections on Relativity and Crystal Lattices by Schoenflies. The former is very dis- 
appointing. It consists merely of a vague statement of the approximate equations, without 
any account of their application, and many difficult mathematical points which are involved 
in NernsFs owm presentation in his other books are left untouched. The opportunity of 
clearing up some of these has been missed. The section on relativity will not have any 
bearing on chemical problems, and the theory of crystal lattices will also be of interest to a 
limited section of readers. The rest of the book is the same as in the older editions. 

The printing is excellent but the paper is not of the best quality. The book can be recom- 
mended to students of physical chemistry, and to those beginning research work, as likely 
to be very useful to them. No space is wast-ed by irrelevant excursions into other fields; 
the powder is without jam, but then some of us object to being made to consume enormous 
quantities of jam to get a little valuable medicine. 


J. R. Partington 
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Die Zustandsgleichung von Gasen und Fldssigkeiten. By J. J. Van Laar. pp. X 4* 
368, Leipzig: Leopold VosSf 1924- There can be no doubt that van der Waais' characteristic 
equation for fluids represented a tremendous advance on anything that had previously 
been put forward. It gave an adequate qualitative description of the pressure-volume- 
temperature relations of fluids and at least an approximate representation pf their quantita- 
tive behaviour. For example, it indicated a least volume ib) into which the fluid could be 
compressed; it also indicated a critical state. At the same time it was soon recognized that 
it could not be regarded as a final form. The two familiar factors a and h which enter into 
it could not both be independent of volume and temperature. Endless attempts have since 
been made to find how they must be made to vary in order that a successful representation 
of the facts shall be obtained. The present volume is one of the most thoroughgoing in- 
vestigations into their variation based upon the large accumulation of experimental data 
made in the laboratory at Leiden and elsewhere. 

The outcome of Dr. Van Laar’s calciulations is his conclusion that a depends upon 
volume but the variation is in many cases negligible. On the other hand b varies greatly 
with volume. The characteristic equation is finally written as (p-f-a/v*) (v— bo)«RT 



2'ya 

where bg/bo*= ( 7 “about 4 / 9 ) 

and bg is the limiting value of b when v = 00 . 

Some dependence upon temperature must also l)e recognised. The equation is applied also 
to the question of vapour pressures and the author congratulates himself on how much can 
l>c learned without the quantum theory. The conclusions are supported by a mass of 
experimental data. Even those readers who may be tempted to differ from the author will 
certainly find the volume one of the best for exhibiting these data. Doubt as to the validity 
of his conclusions may arise when it is realised how' flexible a formula can become when the 
number of constants in it is increased. -The ideal gas equation with one constant, R, is 
obviously insufficient and may be discarded. Van der Waals^ equation introducing three 
constants (R, a, b,) is much more successful. If it fits at large volumes the criti(*al isotherm 
is wrong by something like 40 % at the critical point. If a three constant formula is required 
then one based on Deterici's form would seem to be the best starting point: viz. 

(p4-a/T^/2 v5/3 )(v~b)«RT, 

for this automatically makes Vc = 4 b; RTc {PcVo)“3-75 and “7 all of which 

L p dT Jerit. 

are in close correspondence with experiments. It is known that this equation cannot fit 
even at large volumes but it seems to correspond with facts most nearly of any in the 
neighborhood of the critical point. 

The general impression left is that the question is a very complicated one. This is said 
in no carping spirit. The wonder is, not that a complete equation fails to bo found but 
that it is possible to achieve so great a success in representing by the use of so few con- 
stants the average properties of a congeries of molecules in random motion. 


A. W. Porter 



STUDIES OF SPARINGLY SOLUBLE SALTS, READILY OBTAINED 
FROM HOT SOLUTIONS OF REACTING SUBSTANCES. I 

BY K. P. CHATTERJEE AND N. B. DHAB 

When solutions of two ionised substances are mixed at the ordinary tem- 
perature and if there is the possibility of the formation of a sparingly soluble 
salt, in general immediate precipitation takes place. It is well known that 
the precipitate as it first comes out is rather of colloidal nature and is volumin- 
ous; this bulky precipitate gradually passes into the less soluble, compact, 
crystalline form. This behaviour is observable in most reactions of analytical 
chemistry; however, there are some exceptions. When we mix very dilute 
solutions of a phosphate and magnesia mixture (magnesium chloride, am- 
monium chloride and ammonia) a precipitate is not immediately obtained. 
It is well known that the precipitate of magnesium ammonium phosphate 
appears on vigorous shaking or rubbing the inside of the containing vessel 
with a glass rod. If the test-tube, having a very small quantity of the mixture 
containing magnesium ammonium phosphate, be heated carefully it might 
appear that more precipitation takes place; but if the tube be heated so that 
the solution boils vigorously, it will be found that practically the whole of the 
magnesium ammonium phosphate dissolves at the boiling temperature. 
Similarly, if solutions of sodium hydrogen tartrate and potassium nitrate are 
mixed together in dilute solutions, the precipitate of potassium hydrogen 
tartrate does not appear immediately. 0.stwald explains this phenomenon 
by supersaturation. The potassium hydrogen tartrate that forms in the solu- 
tion, remains at first in a supersaturated state, but after a time the solution 
passes through the metastable condition and becomes unstable and crystals 
of potassium hydrogen tartrate begin to appear. If the mixture of sodium 
hydrogen tartrate and potassium nitrate be carefully warmed, crystallisation 
of potassium hydrogen tartrate might take place; but if the heating be con- 
tinued to boiling, practically the whole of the potassium hydrogen tartrate will 
dissolve. Similar behaviour is observable in the precipitation of ammonium 
hydrogen tartrate, potassium chloroplatinate, magnesium ammonium phos- 
phate, magnesium ammonium arsenate etc. Unlike these cases there is a 
class of substances in which precipitation is hastened by heating the solution 
to boiling. The well known case of this type is that of calcium citrate. If a 
citrate and a calcium salt be mixed together and if the solutions are not very 
concentrated there is no immediate precipitation in the cold. Precipitation 
takes place immediately on heating the mixture, and even if the solution be 
boiled, no appreciable amount of the precipitate redissolves. It is also known 
that calcium hydroxide and a few more calcium salts come out as precipitates 
when their solutions are boiled. We have observed that this phenomenon of 
increased precipitation on heating the reacting solutions is of very common 
occurrence. Thus if a nickel salt and an oxalate or an oxalic acid solution be 
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mixed, there is hardly any immediate precipitation. But if the mixture be 
heated, even to boiling, a copious precipitate of nickel oxalate is obtained. 
We have investigated many cases of this type. Thus, oxalates of copper, 
zinc, manganese, ferrous iron, magnesium, thorium, cobalt, etc, behave ex- 
actly in a similar way to the nickel salt. On the other hand, oxalates of cal- 
cium, strontium, barium, cadmium, thallium, silver, lead, etc., behave in a 
quite different way, especially the last two. Thus if dilute solutions of silver 
nitrate and an oxalate be mixed, a precipitate of silver oxalate is obtained 
almost immediately. If the tube be heated to boiling practically the whole of 
silver oxalate is dissolved. At first sight, the difference between these two 
types of substances may be ascribed to the difference of solubility of these 
substances at the different temperatures. It is a possible suggestion that 
calcium citrate, nickel oxalate, and copper oxalate, etc., are less soluble at a 
higher temperature than at a lower one, whilst the solubilities of the oxalates 
of silver, lead, thallium, cadmium barium, strontium, calcium, etc., in com- 
^non with most normal salts increase with increase of temperature. We will 
discuss this point more fully later on. We have observed that the behaviour 
of strontium citrate is similar to that of calcium citrate, whilst the Ijehaviour 
of the third analogue barium citrate is different from the other two. 

This phenomenon is not restricted only to citrates and oxalates. Thus we 
have observed that tartrates of nickel, thorium zinc, mangancvse, cobalt, 
magnesium, etc., behave in the same way as the oxalates of these metals. In 
other words, these tartrates are more readily precipitated in the hot state 
from mixtures containing a soluble tartrat/C and the respective metallic salt. 
On the other hand, tartrates of copper, cerium and lanthanum, appear to be 
more soluble in hot water than in cold. Moreover benzoates of nickel, cobalt, 
chromium, zinc, etc., come out as precipitates more readily from hot solutions 
than from cold ones. Also, fluorides of copper, manganese, cobalt, nickel 
magnesium, etc., appear to be precipitated more quickly from hot solutions. 
Evidently this phenomenon of the rapid appearance of a precipitate from a 
hot solution is not restricted to a few calcium salts as has been hitherto sup- 
posed, but appears to us to be of common occurrence. The object of the 
present paper is to investigate this phenomenon thoroughly and if possible to 
suggest explanations of this peculiar behavioui’ in all cases. It is apparent 
that the same explanation will not be applicable to all cases, they being so 
very diverse. The following might be a possible explanation of this peculiar 
behaviour. As has already been said, increased precipitation with increase of 
temperature may take place if the solubility of the salt in question decreases 
with increase of temperature. In considering the above explanation of in- 
creased precipitation with increase of temperature it should be made certain 
that the salt is preserving the same composition throughout or whether any 
change in the amount of hydration is taking place with change of temperature. 
It can be assumed that the substance precipitated in the cold is more hydrated 
and more soluble than the salt precipitated at the boiling temperature. If 
these conditions occur, an explanation of the increased precipitation with 
increase of temperature is obtainable. Calcium citrate is a case in point and 
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furnishes a very good instance of this type. We have observed and definitely 
proved that calcium citrate can exist as different hydrates containing different 
amounts of water. It has also been observed that the greater the degree of 
hydration, the greater the solubility. Thus, if a concentrated solution of 
sodium citrate and a concentrated solution of calcium chloride be mixed in 
the cold, a white gelatinous precipitate is immediately obtained. If the sub- 
stance is rapidly separated from the mother liquor and pressed and dried, it 
is observed that the substance has the composition CasCCeHsO?)? 16H2O. 
This white substance is very easily soluble in water and is hygroscopic in the 
ordinary air. Ihe solution of this substance decomposes at the ordinary 
temperature and readily gives a white precipitate of another hydrate of cal- 
cium citrate containing less amount of water of crystallisation. This white 
substance when purified and dried in air gives on analysis the formula Cas 
(Cell 507)2 6H2O. If hot solutions of .sodium citrate and calcium chloride be 
mixed, still another hydrate having the composition Caalf.'eH 507)2 4H2O is 
formed. The first hydrate containing the maximum amount of water of 
crystallisation is very easily soluble in water, whilst the hydrate containing 
6H2O is sparingly soluble and the hydrate containing 4H2O is the least soluble 
of the three and the solubility of the last hydrate decreases with increase of 
temperature. It appears to us that these facts go a long way in obtaining a 
complete explanation of the peculiar behaviour of citrates precipitated as 
calcium citrate in qualitative analysis. We have also investigated the case of 
strontium citrate and have got results similar to those of calcium citrate. 

We have already observed that Ca^ (C6H5()7)2 4II2O which is obtained by 
mixing hot solutions of sodium citrate and calcium chloride is less soluble at 
the higher temperature than in the ordinary temperature. It is well known 
that calcium hydroxide and some other calcium salts behave in the same way. 
It may be argued that some of the substances which show increased precipita- 
tion with increase of temperature may behave in a similar way. In the case 
of calcium citrate as w’e have already said, the explanation of the increased 
precipitation at the higher temperature rests on the formation of different 
hydrates with different solubilities at different temperatures. But it may be 
assumed that in some cases the same hydrate will be formed when the solu- 
tions are mixed in the hot or in the cold. If it can be proved that the solubility 
of one and the same hydrate which does not change its composition when pre- 
cipitated at different temperatures is less at a higher temperature than at the 
ordinary temperature then we can have an explanation of this phenomenon of 
the increased precipitation at high temperatures. If on the other hand the 
same hydrate obtainable in the hot or cold does not show a decreased solubil- 
ity with increase of temperature we have to look to something else for an ex- 
planation of increase of precipitation with increase of temperature. As a 
matter of fact we have observed that the composition of several oxalates, 
tartrates, etc., remains consistently the same whether the salt is precipitated 
in the hot or cold. We have also observed that these salts do not show a 
decreased solubility with increase of temperature, but follow the normal 
behaviour of increased solubility with increase of temperature. We have 
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tried to find an explanation for this class of substances in the phenomenon 
known as “velocity of precipitation’\ Prom chemical dynamics, we know 
that each chemical change has its own velocity or speed, and that rise of tem- 
perature markedly accelerates all chemical changes. The influence of tern- 
perature on a chemical change depends on the nature of the change itself, but 
it has been proved that the slower the change the greater is the influence of 
temperature^ Evidently, temperature should have some effect on the velocity 
of precipitation of substances. It also follows from our knowledge of chemical 
dynamics that instantaneous reactions as well as instantaneous precipitations 
are hardly affected by increase of temperature. In other words, it will be 
practically impossible to investigate the influence of temperature on a very 
rapid precipitation phenomenon such as the formation of silver oxalate or 
silver chloride. On the other hand temperature should have a marked effect 
on a slow precipitation process. Consequently, if we assume that the velocity 
of the appearance of nickel oxalate when dilute solutions of a nickel salt and 
an oxalate or oxalic acid be mixed, be not extremely great but has a measurable 
value, we are forced to the conclusion that the temperature will have some effect 
on this velocity and will accelerate the precipitation. In other words if we as- 
sume that the appearance of nickel oxalate takes a certain amount of time, 
then temperature will hasten the precipitation as it does accelerate all chem- 
ical changes. Evidently, the phenomenon of increased precipitation of sub- 
stances like nickel oxalate, copper oxalate, etc., at higher temperatures can be 
explained on the basis of a measurable velocity of the appearance of the pre- 
cipitate and the influence of temperature on it. 

The experimental work in this paper will consist of: (i) determinations 
of the composition of the substances precipitated from the hot and the cold 
solutions; (2) determinations of the solubility of these substances at various 
temperatures; (3) determinations of the transition temperature of one hy- 
drate into the other; and (4) investigation of the velocity of precipitation 
and the influence of temperature on it. 

In order to find out whether salts prepared at the ordinary temperature 
differ in composition from those prepared in boiling condition, the reacting 
substances were mixed in one case at the ordinary temperature of the labora- 
tory and in another case whilst they were boiling. The salts prepared in this 
way were freed from the mother liquor and unless otherwise stated, they were 
dried in air. Then they were analysed by suitable methods. 

In order to determine the solubility at the ordinary temperature and at the 
higher temperature, a sufficient quantity of the salt is shaken with distilled 
water in a clean Jena glass flask. For the determination of the solubility at 
the ordinary temperature, the mixture is shaken until no more of the salt 
dissolves, and the liquid is then filtered, and about 200 cc of the filtrate is 
evaporated in a platinum dish. In most cases the residue was converted into 
sulphate with a little sulphuric acid and weighed as anhydrous sulphate. 
From the weight of the salt obtained, the amount of the original salt dissolved 


^Dhar: Ann. china, (9) U, 130 (1919). 
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per litre is calculated. For the determination of solubility at the boiling tem- 
perature, the mixture of salt and distilled water was boiled for a sufficient 
length of time for equilibrium to be attained. The liquid is then quickly 
filtered in a hot-water funnel and the temperature of the filtrate running down 
is noted. A measured volume is taken and evaporated and estimated as in 
the previous case. 

Calcium Citrate 

In the following pages, it will be showTi that we have got four definite 
hydrates of calcium citrate. When approximately twice normal solutions of 
calcium chloride and sodium citrate are mixed, a precipitate similar to starch 
paste is obtained which is readily soluble in water. Addition of alcohol re- 
precipitates it from its aqueous solution. It is difficult to determine the com- 
position of this salt as even at ordinary temperature it passes into another 
hydrate which is described later on and which is sparingly soluble. 

In presence of an excess of alcohol, the velocity of transformation becomes 
much less, but as soon as the alcohol is filtered off, the salt readily passes into 
another hydrate. This unstable hydrate is ver}^ hygroscopic. Attempts have 
been made to analyse the unstable hydrate by carrying on the precipitation 
at o®C and also by rapid centrifuging and quick washing and drying. The 
following figures will give an idea of the approximate composition of the salt. 
In the following analyses as well as in the other cases, a known weight of the 
substance is taken in a platinum crucible and heated strongly. A few drops 
of dilute sulphuric acid are added and the excess of acid evaporated and the 
residue is heated and weighed as sulphate. 

In the following, only one result of analysis for each salt is given. 

0.4386 gm. of the hydrate giveso.2262 gm. CaS04 . ’ . Ca=i5.i% 

Calc, for Ca3(C6H507)2 ibHsO, Ca=i5.2^^ 

Hence the unstable and easily soluble hygroscopic calcium citrate has most 
probably the composition Ca3(CGH607)2 16H2O. 

It has been already observed that the aqueous solution of the unstable 
hydrate gradually gives a precipitate of another hydrate. This hydrate which 
is much less soluble than the unstable hydrate can be readily obtained by 
mixing solutions of calcium chloride and sodium citrate at the ordinary tem- 
perature and setting the mixture aside for sometime. This is the hydrate 
which is generally obtained when a moderately concentrated solution of cal- 
cium salt and a citrate are mixed. The salt is filtered, washed, dried in the air 
at the ordinary temperature, and analysed. 

0 3758 of the salt gave 0.2542 gm CaSOi . ’ . Ca- 19-8% 

Calc, for Caa(C6H607)2 6H2O, Ca*=i9.8%. 

More than ten samples of the salt were made by mixing calcium chloride and 
sodium citrate of different concentrations at the ordinary temperature and in 
all cases, the hydrate obtained at the ordinary temperature has the composi- 
tion Ca8(C6H607)2 6H2O. We could not confirm the existence of the hydrate 
Ca3(C0H6O7)2 7H2O, described in Beilstein^s book. 
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This hydrate Ca8(C6H607)2 6H2O is fairly stable at the ordinary tempera- 
ture, though it has a very slight tendency to pass into the lower hydrate which 
will now be described. If the hydrate Ca3(C6H 507)2 6H2O be kept in the 
sun or if it is heated, it loses water and passes into the lower hydrate. 

When boiling solutions of calcium chloride and sodium citrate are mixed, 
an immediate and abundant white precipitate is obtained, which is very spar- 
ingly soluble. This salt is freed from mother liquor, dried in air and analysed. 

o • 3074 gm salt gave 0.2192 gm CaS04. . * . Ca — 20 . 97% 

Calc, for Ca3(C6H507)2 4H2O, Ca = 2i . 05 % 

Hence the precipitate immediately obtained by mixing boiling solutions of 
calcium chloride and sodium citrate has the formula Ca3(C6H607)2 4H2O. 

If any of the above hydrates be heated in an air oven to 1 1 0° approximately, 
it gradually loses weight and after a time there is no further change in weight. 
This substance was analysed with the following results. 

o. 1156 gm salt gave 0.0932 gm CaS04. . ‘ . Ca = 23 7% 

Calc, for Ca3(C6H607)2 Vi H2O; Ca-23.6%. 

This salt in contact with water rehydrates itself and forms Ca3(C6H 507)2 
4H2O. 

It has already been said that an aqueous solution of the unstable highest 
hydrate gradually gives the precipitate of 6H2O, in the cold. 

If however the solution be boiled, Ca3(C6H507)2 4H2O is copiously precipi- 
tated. We have also found out the limit of temperature below which only the 
hydrate Ca3(C6H607)2 6H2O is precipitated, by effecting the precipitation at 
different temperatures which were 32°, 40°, 50°, 60° 70®, 80°, 90°, 98°. Pre- 
cipitation at temperatures up to 6o°C produced the salt Ca3(('6H607)2 
6H2(), whereas at 70° and above the salt C^a3(C6H607)2 4H2O was produced. 

The above results are interesting as they show the limit of temperature 
beyond which Ca3(C6ll507)2 6H2O cannot be precipitated. In other words, 
in order to precipitate CasCCeH 567)2 6H2O we should work at a temperature 
below 7o°C\ The results also explain why the hexahydrate decomposes when 
kept in the sun or slightly heated. This hexahydrate has a very small velocity 
of decomposition into water and the tetrahydrate when exposed. On keeping 
for a sufficiently long time in air at a temperature of about 3o®C, for a month 
or so, the salt is found to be partially decomposed, as is seen from the following 
results. 

o 0880 gm of the exposed salt gave 0.0614 gm CaS04 . ’ . Ca = 2o.5% 
Apparently the salt has decomposed into water and the tetrahydrate. 

We have already said that the hydrate ("a3(C6H507)2 H2O readily 
combines with water and forms the tetrahydrate. Consequently out of the 
four hydrates which we have obtained (viz, with 16, 6, 4 and mt^lecules 
of water) the tetrahydrate is the most stable. 

We also tried to find out the velocity of precipitation of calcium citrate at 
different temperatures. With this object in view, solutions of calcium chloride 
and sodium citrate were mixed at different temperatures and the interval 
necessary for the appearance of a precipitate was noted. Here are some re- 
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suits. At the temneratures, 32° 40*^, 50® 60®, 70° 80°, 90° and q 8° the intervals 
respectively were 20 min, 15 min, 2 min, 1/2 min, and instantaneous in the 
last four cases. 1 hese results will be discussed later on. 

Solubility of the citrates of calcium has been investigated. We have al- 
ready observed that the unstable hydrate is extremely soluble. No quantita- 
tive measurement of the solubility of this hydrate could be made because of 
the extremely unstable nature of the substance. 

The solubility of the hoxahydrate and the tetrahydrate was determined 
in the manner indicated previously. The solubility of ('a.*? (( 3 /2 H2O 
could not be obtained because on mixing with water this hydrate passes into 
the tetrahydrate. 


Sail 

'IViTipf'mturc 

Onirns per lilro (of the 
salt) 

Grams por litre (of 
t h(* anhydrous salt ) 

C’a,((’6H-.07).. 6B,0 

30° 

2.45 

2.01 gm 


os'" 

2.76 gm 

2 . 27 grn 

Ca,(C'«H6C)7)2 4 H 2 O 

30° 

2.5T gm 

2 2 gm 


95° 

2 . T gm 

1 . 83 gm 


At a glance it will be seen that the soluliility of the hexahydrate increases 
with temperature, whilst the solubility of the tetrahydrate decreases with 
temperature. 

When ("a;dC’<Jl6tb)2 6H‘>() is boiled with water for a sufficiently long time 
it passes into 507)2 4II2O as the following results will show. 

o 3838 gm of the salt obtained from boiling the hexahydrate in contact 
with water for a sufficiently long time gave o 2743 gm (TiS04. ( "a = 2 1 i % 

('ale. for Ca3(('r,Hh()7)2 4H2O, ('a = 2r o59( 

As has been already said the t('trahydrate is th(* most stable of the hy- 
drates. Exposure to sun or modiTatc* heating does not decompose it. The 
tetrahydrate, when kept in water even for a long time, does not reform the 
hexahydrate. (3n the other hand the hexahydrate when kept in the sun for 
about 12 hours, is convc'rted into the tetrahydrate. If the hexahydrate is 
heated in the water bath at 50°, it loses two molecules of water of crystallisa- 
tion and passes into the tetrahydrate in eight hours. Decomposition of the 
hexahydrate was also investigated at 65^, 70° and 80° and is much quicker 
than at 5o°C. At 65°( exposure for an hour and a half is sufficient to decom- 
pose 0.3250 gm of the hexahydrate into the tetrahydrate. 

The solubility curves of the hexahydrate and the tetrahydrate intersect 
at 52°C. In other words, this is the transition temperature of the two hy- 
drates and at this temperature the two hydrates can be kept for an indefinite 
period in contact with water. This is remarkable, as this temperature is not 
far from that beyond which the hexahj’^drate is not precipitated as we have 
already shown, and when by mixing calcium chloride and sodium citrate we ‘ 
get the tetrahydrate. 

Prom the foregoing results we get a satisfactory explanation of the peculiar 
behaviour observed on mixing a citrate and a calcium salt. In ordinary text 
books of organic chemistry, in explaining the reactions involved in the test 
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of the citrate, the only suggestion thrown out is that calcium citrate is pre- 
cipitated in the hot and not in the cold, because calcium citrate is less soluble 
at a higher temperature. We presume we have given a complete explanation 
of this peculiar behaviour. If a calcium salt and a citrate be mixed, there is 
the possibility of the formation of the readily soluble hydrate Ca8(C6H607)2 
16H2O. But as has been proved, this hydrate is unstable and readily passes 
into the hexahydrate, which is generally obtained by mixing moderately con- 
centrated solutions of the calcium salt and a neutral citrate in the cold. But 
if the solutions are dilute the hexahydrate is not usually precipitated in the 
cold, but on boiling, the sparingly soluble tetrahydrate is readily precipitated, 
because, like all chemical changes, temperature markedly accelerates the 
velocity of precipitation. In testing for a citrate by calcium salts, the pre- 
cipitate which is obtained from a boiling solution is the sparingly soluble 
tetrahydrate Caa (C6H607)2 4H2O. The above is the explanation of the pecul- 
iar behaviour in the test for a citrate by a calcium salt. 

In the following citrates, oxalates and tartrates, only one result of analysis, 
as a rule, is given. 

Strontium Citrate 

The behaviour of strontium citrate is more or less allied to that of the 
calcium salt. When concentrated solutions of strontium chloride and sodium 
citrate are mixed, a precipitate of the nature of the unstable calcium citrate is 
obtained. This salt is very unstable and is readily soluble in water. This 
hydrate is too unstable to be partially purified and analysed and very quickly 
passes into the next hydrate of which the analysis is given below. This second 
hydrate is to be carefully dried in the shade. Exposure to tropical sunlight 
makes it lose its water of crystallisation until it attains the composition Srs 
(C«H507).H20, 

0.6076 gm of the salt gave 0.4564 gm. SrS04 . . Sr = 3 5. 84% 

Calc, for Sr3(C6H607)2 5H2O, Sr = 35. 95% 

Hence it is evident that by mixing a cold solution of strontium salt and a 
neutral citrate, we get a white precipitate, which, when air dried at the ordi- 
nary temperature, has the formula Sr3(CeH507)2 5H2O. 

This salt decomposes if it be placed in the sun. A certain specimen of the 
salt was exposed to the sun for a short time and analysed. 

o. 1620 gm of the salt gave o. 1234 gm SrS04 . ’ . Sr*36.34%. 

It is apparent that the salt has partly decomposed on exposure to tropical 
sunlight. Another sample was exposed to sunlight for a sufficient length of 
time until a constant weight was obtained and then it was analysed with the 
following results. 

0.2770 gm of the salt gave 0.2300 gm. SrS04 . ’ . Sr«=39.6i% 

Calc, for Sr3(C6HB07)2 H2O, Sr -39. 9% 

Sr8(C6H807)2 5H2O remains unchanged even if it be boiled with water. A 
certain sample of the salt, prepared in the cold, was boiled with water for 
some time and was dried in air and analysed. 

0.2144 gm of the boiled salt gave 0.1624 gm SrS04 . * . Sr** 36. 14% 
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Calc, for Sr8fC«H607)2 5H2O, Sr = 35.9i% 

If a solution of the unstable, readily soluble, strontium citrate be boiled, 
a copious precipitate is immediately obtained, which is apparently a mixture 
of Sr8(C6HB07)2 5H2O and Sr3(C6H507)2H20 as the following results of 
analysis will show. 

o. 1070 gm of the salt thus precipitated gave 0.0848 grn SrSO^ . ’ . Sr = 
37.86% Sr3(C7H607)2 H2O can be readily obtained by mixing boiling solu- 
tions of a strontium salt and a citrate. This salt is very stable. The penta- 
hydrate when heated or exposed to tropical sunlight passes into this hydrate 

When this monohydrate is kept in contact with water, the pentahydrat#^ 
is not reformed. 

0.2227 gm of the salt thus kept and then analysed gave 
o. 1847 of SrS04 . ■ . Sr = 39 6% 

Calc, for Sr3{C6H507)2 H2O, Sr-3o.9^r 
Many samples of this monohydrate were obtained by mixing boiling solu- 
tions of a strontium salt and a citrate and analysed with the following results. 
0.1294 gm of the salt gave o. 1080 gm. 8rS04. . . Sr = 39. 8% 

Calc, for Sr3(CeHfi07)2 H^O, Sr = 39. 9% 

Evidently it is clear that by mixing boiling solutions of a strontium salt 
and a neutral citrate, the white precipitate obtained has the formula Srs 
(C6H507)2 H 2 O. 

An old sample of Sr3(C'6H507)2 H2O was kept in an air oven at 1 10® for a 
nurnter of days with no loss of weight. Consequently, at 110°, it is not possible 
to obtain a hydrate lower than the monohydrate. In this respect strontium 
citrate differs from calcium citrate. The solubilities of the two hydrates at 
different temperatures were determined in the same way as that of the calcium 
salt and the following results were obtained. 


Salt Temperature 


Sr 3 (C 6 H 607)2 6H2O 


Sr3(CeH507)2 H 2 O 


30 '' 

95 ° 

30° 

95 ° 


Grams per litre 
(of the salt) 

1-55 

1.79 

3-05 

1.83 


Grains per litre (of the 
anhydrous salt) 

1 . 26 
1*57 
2.97 
1-54 


It is to be noted that the intersection of the solubility curves of the penta- 
hydrate and the monohydrate is beyond ioo°C as will bo shown by producing 
the curves until they meet. The pentahydrate seems, therefore to be stable 
at ioo®C in presence of water. 


Nickel Oxalate 

200 cc of seminormal nickel chloride and 250 cc of seminormal oxalic acid 
were mixed and kept at 29®C. An excess of oxalic acid was used to prevent 
the formation of a basic salt. After enough precipitate separated, it was col- 
lected, washed and dried. The analysis of the nickel oxalate was carried out 
in the following way. 

(i). A weighed quantity of the salt was heated in a platinum crucible 
for some time and a drop of nitric acid was added and reheated and weighed 
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as NiO. (2). A weighed quantity of the salt was dissolved in sulphuric acid 
and the solution was titrated with standard permanganate. (3). By means 
of combustion analysis, the amounts of water, carbon dioxide and nickelous 
oxide, left as residue, were directly determined and thus a complete analysis 
was made, from which the formula was calculated. 

(1) 0.4950 gm of the salt gave o 1890 gm NiO. . . Ni = 3o% 

Calc, for 3NiC204 8H2O, Ni-30. 1% 

(2) 0.3350 gm of the salt on titration with KMn04 showed 0.2674 gm of 
anhydrous salt . ‘ . Ni = 30 . 14% and HoO = 24 . 6 % 

Calc, for 3NiC204 8H2O, Ni==3o. 1% and H20==24.6% 

(3) 0.1792 gm salt on combustion gave 0.0688 gm NiO, 0.0442 gm H2O 
and 0.0806 gm CO2, . ‘ . Ni = 3o.2%, H20=;24 7% and C02==45% 

Calc, for 3NiC204 8H2O, Ni = 3o. 1% H20-24.6% and CO2-45 . i%* 

Consequently, by mixing solutions of a nickel salt and oxalic acid, at the ordi- 
nary temperature, the formula of the oxalate obtained is 3NiC'’204 8H2O. 

By mixing boiling solutions of nickel chloride and oxalic acid, a copious 
precipitate was immediately obtained. The salt was dried and analysed by 
the methods already indicated. Only one analysis is given below. 

0.1482 gm of the salt gave on combustion 0.0592 gm NiO, 0.0330 gm of 
H2O and 0.0684 gmCOa. Ni = 3i.4%, H2O-22 .3^;{ , CO2-46. 1% 

Calc, for 3NiC204 7H2O, Ni = 3i.i%, H20 = 22.3rf and C02 = 46.6% 
C'onsequently, the formula of the salt obtained by mixing boiling solutions of 
nickel chloride and oxalic acid is 3Ni C2O4 7H2O, whilst the salt obtained at 
the ordinal^'' temperature contains one molecule more of the water of crystal- 
lisation and has the formula 3NiC204 SHoO. The formula of the nickel oxa- 
late given in Beilstein is NiC204 2H2O. We could not verify this result. 

Cobalt Oxalate 

The salt was obtained at 30° and at the boiling temperature. The follow- 
ing are the analyses, one analysis in each case being given, 
fi) 0.1046 gm of the salt precipitated at 30°, gave 0.0450 gm C03O4, 
0.0496 gm CO2 and 0.0215 81^31 H2(). 

. -.00 = 31 . 6 %, C02 = 47 . 4 % 

Calc, for 4C0C2O4 0H2O, Co = 3i.7%, C02 = 47 %. 

Consequently the hydrate obtained has the formula 4C0C2O4, 9H2O 
(2) o. IIT2 gm of the salt precipitated from boiling solutions, gave 0.0490 
gm of C08O4, 0.05334 gm CO2 and 0.0226 gm H2O . -.00 = 32.1%, 
002 = 47 • 5% *iiid HoO = 20, 1%. 

Calc, for C0C2O42H2O, Co = 32.2%, 002 = 48.1% and H20=i9.7% 
Hence the salt precipitated at 100® has the formula Co C2O4 2H2O. 

In Beilstein, we find that the oxalate described has the formula C0C2O4 
2H2O. We have got this hydrate as well as another new hydrate of the for- 
mula 4 Co C2O4 9H2O. which is obtainable by mixing oxalic acid and a cobalt 
salt in the cold and keeping the mixture for some hours. 
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Copper Oxalate 

The following are the analyses, only one analysis in each case being given. 

(1) o. 1368 gm of the salt precipitated at 3o®C, gave on combustion, 

0.0712 gm CuO, 0.0792 gm CO2 and 0.0006 gm H2O 

. • . Cu - 41 . 6 %, CO2 = 53 . 7 % and H .,0 = o . 

Calc, for CUC2O4, Cu = 4i.9%, COo^sS. 1% and HoO nil. 

Hence the formula of the salt precipitated at 3o°C is CuC%204. 

(2) 0.1104 gm of the salt precipitated from boiling solutions, gave on com- 
bustion 0.0575 gm CuO, 0.0639 gm CT)2 and o 0008 gm H-O. 

. ■.Cu-41.6^;^, CO2-57 Q%andTl20= 7% 

Calc, for (^10^204, (^u = 4i 0 %. (X)2==58. and 1120 nil. 

Hence, copper oxalate precipitated at ioo®C has the formula (^uC204. Beil- 
stein describes two hydrates of the formula CUC2O4 H2O and CUC2O4 i /2 H2O. 
Both in the hot and the cold we got the anhydrous CuC20i precipitated. 


Manganese Oxalate 

(i) 0.2910 gm of the salt precipitated at 3o°(\ gave on titration with 

KMri()4 0.2323 gm of anhydrous oxalate and o 0587 gm (by difference) 
of water. . Mn = 3o. 71% and H2() = 2o 
C'alc. for MnC204 2H2(), Mn = 3o.7^r( and 20. C (. 

(^2) 0.3683 gm of the salt precipitated from boiling solutions, gave on titra- 

tion with KMnOi 0.2934 gm of the anhydrous oxalate. ’ . Mn = 3o.65% 
(^alc. for Mn(^204 2H2O, ^10-30.7^^' 

The solubility of this oxalate was determined at 36°C and 93°C. 200 cc 
of the clear filtrate obtained after saturation with the oxalate, WT^re evaporated 
and the residue was strongly heated and weighed as MiiaOi. 



Tom perat lire 

Gmm'' of anhydr 

Salt precipitated 

36 ° 

•375 

in the cold 

Q3° 

. 780 

Salt precipitated 

36“ 

•375 

from boiling 
solutions 

93° 

.789 


Evidently the same hydrate is obtained at the ordinary and also at the 
boiling temperatures and the solubility of the salt increases with increase of 
temperature. 

Beilstein has described two hydrates, namely containing 2 . 5 and 3 mole- 
cules of water of crystallisation, but we got only the hydrate containing 2H2O 
both in the hot and in the cold. 


Magnesium Oxalate 

(1) Concentrated solutions of magnesium sulphate and oxalic acid were 
mixed and kept overnight at the ordinary temperature. A white crystalline 
precipitate was obtained. It was washed, dried, and analysed. Only one 
analysis is given below. 0.2576 gm of the salt precipitated at 3o®C, gave 
0.0608 gmMgO . ’.Mg = i6.8% 
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Calc, for MgC204 2H2O, Mg = 16.2% 

Hence magnesium oxalate precipitated from concentrated solutions of mag- 
nesium sulphate and oxalic acid at 3o®C has the formula MgC204. 2H2O. 

(2) When concentrated solutions of magnesium sulphate and oxalic acid are 
mixed in boiling conditions, a copious white precipitate is immediately ob- 
tained. The salt was washed, dried, and analysed, one analysis being given 
underneath. 0.2642 gm of the salt gave on titration with KMn04, 0.1944 
gm of the anhydrous oxalate. . ’ . Mg = 16. 1% 

Calc, for MgC204 2H2O, Mg=i6.2% 

Hence the formula of the salt precipitated at 100® is the same as that pre- 
cipitated at 30®; it is MgC204 2H2O 

For solubility, 200 cc of the solutions were evaporated and the residues 
were treated with small quantities of sulphuric acid and heated until fuming 
ceased. These were weighed as MgS04 and calculations were made therefrom. 

Temperature Grams of anhydrous salt per litre 


Salt precipitated 

36“ 

•338 

in the cold 

92“ 

.406 

Salt precipitated 

36“ 

.302 

from boiling 

92® 

•393 

solutions. 




Hence the same salt is precipitated both in cold and in hot. This salt also is 
more soluble at higher temperatures than at the ordinary temperature. 

Kohlrausch* prepared supersaturated solutions of magnesium oxalate 
by neutralization of oxalic acid with magnesium hydrate and determined their 
molecular conductivities. 

Ferrous Oxalate 

(1) 0.1872 gm of the salt precipitated at 3o°C gave 0.0824 r™ of FejO*. 
• •Fo=30-®% 

Calc, for FeCjO. 2H2O, Fe=3i . 1 % 

When ferrous sulphate and oxalic acid are mixed, there is no immediate 
precipitation in the cold, but copious precipitation takes place when boiling 
solutions are mixed. 

(2) 0.1756 gm of the salt precipitated from boiling solutions gave 0.0772 
gm. FeaO,. . ‘ . Fe = 3o.8%. 

Calc for FeCsO. 2H80, Fe=3i.i% 

Evidently, the hydrate FeCjO. zHjO is precipitated both in the hot and 
in cold. 

Zinc Oxalate 

(i) 0.7258 gm of the salt, precipitated at 3o®C, gave on titration with 
potassium permanganate, 0.5840 gm of the anhydrous salt. 

. ■ . Zn = 34.3% 

Calc, for ZnCjO., 2H*0, Zn=34.6% 


^ Sitzungsber. Akad. Wise. Berlin, 1904 , 1223. 
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When solutions of zinc salt and oxalic acid are mixed in the cold there is no 
immediate precipitate, but the precipitate of zinc oxalate comes out after a 
long time. On the other hand a copious white precipitate is obtained when 
boiling solutions of zinc salt and oxalic acid are mixed. The salt obtained at 
the boiling tempei^ature was washed, dried and analysed with the follo\ying 
result. 

(2) 0.9829 gm of the salt showed on titration with potassium permanganate 

o . 7900 gm. of anhydrous zinc oxalate. . ' . Zn == 34 . 2% 

Calc, for Zn C2O4 2H2O, Zn = 34.6% 

Consequently the hydrate ZnC'204, 2H2O is precipitated both in the hot 
and in cold, when a zinc salt is added to oxalic acid. 

Thorium Oxalate 

(1) Thorium nitrate and oxalic acid were mixed and left for a long time at 
30®. A white precipitate was obtained which was washed, dried and analysed. 

0.1296 gm of the salt gave 0.0662 gm Th02 . . Th = 44.9% 

Calc, for Th(C204)2 6H2O, Th = 4S% 

(2) When boiling solutions of thorium nitrate and oxalic acid are mixed, a 
copious white precipitate is obtained and the substance has a tendency to 
pass into colloidal state. 

The salt was carefully washed and dried in air and analysed. 

0.1774 gm of the salt gave 0.0905 gm Tho2 . ‘ . Th — 44.8% 

Calc, for Th(C204)2 6H2O, Th = 45% 

Hence the formula of thorium oxalate precipitated both hot and cold, is 
Th(C 204)2 6H2O. 

Brauner' gives the composition of the air dried salt by the formula Th 
(0204)2 6H2O, obtained by mixing in the cold an oxalate and a thorium salt 
solution. We have obtained the same composition from boiling solutions as 
well. In Beilstein the hydrate described is Th (0204)2 2H2O which is obtained 
on partial dehydration of the hexahydrate over sulphuric acid. 

Magnesium Tartrate 

(1) 0.4804 gm of the salt, precipitated at 30®, gave (on keeping in a hot air 
oven until a constant weight was obtained) 0.3836 gm anhydrous magnesium 
tartrate, from which 0.2670 gm anhydrous magnesium sulphate was got. 
. * .Mg~ II. 1% and H20 = 2o. 7% 

Oalc. for Mg (C4H4O6), 2 H2O, Mg = 11 . 1% and H2O- 20. 7% 

(2) When boiling solutions of magnesium sulphate and Rochelle salt were 
mixed, the precipitation was immediate. 

o . 6966 gm of this salt gave o , 3874 gm MgS04. . ’ . Mg « 1 1 . 2% 

Calc, for Mg (C4H4O6) 2 H2O, Mg - 1 1 . i %. 

(3) If any of the above salts be heated to 170®, until a constant weight is 
obtained, anhydrous magnesium tartrate, as proved by analysis, is obtained. 
This anhydrous salt, when moistened with water and dried on a water bath 
remains unchanged. For solubility, the following results were obtained. 


‘ J. Chexn. Soc. 73, 984 (i898\ 
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Salt 

Temperature 

Grams of the anhydrous salt per litre 

Magnesium tartrate 

30° 

7.6 

precipitated in 

the cold 

90° 

14.4 

Magnesium tartrate 

30° 

75 

precipitated in the 

hot 

90° 

I 4 -S 


It is evident the same salt is precipitated both in hot and cold. Beilstein 
gives Mg(C4H406) 4H2O, Mg(C4H408) 3H2O and anhydrous magnesium 
tartrate. We could not verify the first two. 


Manganese Tartrate 

In the cold, this salt is slowly precipitated, but it comes out in a granular 
form. The amorphous salt is very quickly formed when boiling solutions are 
mixed. 

(1) 0.5060 gm of the salt precipitated at 30°, gave 0.4334 gm anhydrous 
salt, which yielded o . 3260 gm manganous sulphate . ‘ . Mn =* 23 . 

Calc, for Mn('C4H406) 2 H 2 O, Mn = 23 .i% 

(2) 1 .0904 gm of the salt, obtained from boiling solutions, gave 0.6936 gm 
manganous sulphate. . ‘ Mn = 23.2% 

Calc, for Mn(C4H406) 2 H 2 O Mn = 23 . 1% 

The anhydrous manganous tartrate is obtained by heating either of the 
aV>ove salts to i40°C. On moistening, this does not get hydrated again. 

The same salt is precipitated both hot and cold. 1000 gm of the solution 
at 25°C contains 2.4 gm, and at go^C 2.45 gm of anhydrous manganese 
tartrate. 

Cobalt Tartrate 

If concentrated solutions of cobalt sulphate and Kochelle salt be mixed, 
and if the mixture be kept undisturbed, a finely granular purple salt is grad- 
ually precipitated. If the mixture be stirred or if the solution be added hot, 
an amorphous pink salt is obtained. In this, as well as in the previous case, 
the precipitate is rather retarded if excess of the tartrate be added, owing 
probably to the formation of complex salts. 

(1) 0.6956 gm. of the purple salt precipitated in the cold, gave on drying 
0.5714 gm of anhydrous salt, which yielded 0.4290 gm of anhydrous cobalt 
sulphate, . * , Co = 23 . 4% and H2O =17. 8% 

Calc, for Co(C 4H406) 2 3^H20, Co = 23. 4 % and H20-i7.6% 
Dehydration of the above salt slowly takes place even at 6o®C. On 
moistening and drying the anhydrous salt, it does not get hydrated again. 

(2) 0.3570 gm of the pink salt precipitated from hot solutions gave on 
drying 0.2938 gm of the anhydrous salt which yielded o. 2148 gm anhydrous 
cobalt sulphate. . * . Co « 23 . 4% and Hj|0 = 17.7% 

Calc, for Co(C4H406) 2 H2O, Co = 23 . 4% and H2O = 17. 6% 

The pink salts have composition and properties similar to those of the 
purple one. The only point of difference is the appearance and crystalline 
form. 
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1000 gni of the solutions of both purple and pink salts contain at 29°C 
1.85 gm anhydrous cobalt tartrate, and at 84*^0, 2.45 gm of the same. 

The molecular volume of H2O in these comes out to be 15. 

Nickel Tartrate 

It is not so easy to prepare this salt as the cobalt compound. In the cold, 
the precipitation is extremely slow and the salt is fairly soluble in water. 

(1) 0.2486 gm. of the salt, precipitated at 3o°C gave o . iq66 gm anhydrous 
tartrate . . H20~2o.9% 

o .3240 gm of the original salt gave o . 0920 gm NiO, . * . Ni == 22 . 3% 

Calc, for Ni (C4H4O6) 3H2O, Ni = 22.5% and H20=:2o.7% 

(2) 0.4608 gm of the salt, precipitated when boiling solutions of nickel 
chloride and Rochelle salt are mixed, gave o . 1368 gm NiO. ‘ . Ni = 23 . 3% 

(^alc. for Ni(C4H406) 2 HoO, Ni = 23 . 3% (and H2O = 17. 8%) 

(3) Anhydrous nickel tartrate is prepared by heating at 170^^0 any of the 
above salts until the weight is constant. Moistening the anhydrous salt with 
water, gives a mixture containing 2 Yz 3 molecules of water of crystallisa- 
tion, as the following shows, o. 1653 gm of the substance obtained by mois- 
tening the anhydrous salt and drying it in air, lost 0.0312 gni on keeping it at 
1 7o°C * . Loss of water = 1 8 . 8^( 

Calc, for Ni((MT408) 2y> H.O, HsO- 17 8^^^, 
and for NilC^H^Oe) 3H2(), H2O-20 


Calcium Tartrate 

When concentrated solutions are mixed at the ordinary temperature, a 
jelly-like precipitate is formed. This passes rapidly to a granular mass with 
evolution of heat, so much so that ether (*aii be made to boil with this heat of 
transformation. 

(1) 0.2402 gm of the salt precipitated in the cold, gave 0.1246 gm CaS04 
. * . Ca=T5.3% 

Calc, for C:a (C4H40e) 4H2(), (^a=i5.4%. 

(2) 0.4950 gm of the salt precipitated in the hot, gave 0.2596 gm CaSOt. 
. ' . Ca= 15.45% 

Calc, for Ca(C4H406) 4H20, Ca-15.4% 

(3) 1 . 0650 gm of the salt went on losing weight, when kept at a temperature 
of 1 70°. The loss was slow. After 5 hours heating the loss was found to be 
about 12%; after 15 hours heating it came to about 24%. Finally, it stood 
constant at 25.6%^ 

Calc, for Ca(C4H406) 4H2O, Ca-15.4%- and 1120-27.6% 

Calc, for Ca(C4H406) sVz H2O, Ca-15.9% and H2O-25. 1% 

Evidently this new salt is 4 Ca((y4H406) H2O, as later experiments show. 

(4) This partially anhydrous salt gets hydrated when moistened with water 
and dried in air. The gain is 25 . 4%. 

Calculated for Ca(C4H406) 1/4 H2O passing into Ca(C4H406) 3H2O the 
gain is 25.1% 



1024 


K. P. CHATTERJBE AND N. B. DHAR 


0.2522 gm of the supposed Ca (C4H40«), 3H3O gave 0.1406 gm CaSOi 
. ■ . Ca==i6.4% 

Calc, for Ca(C4H406) Ca = i6.s% 

In Beilstein, we find only the tetrahydrate. Consequently a new hydrate 
Ca(C4H40«) 3H2O is formed on hydration of 4Ca(C4H40g) H»0. 

Strontium Tartrate 

These salts are prepared in the same way as the calcium salts 

(1) 0.6818 gm of the salt precipitated at 3o®C, lost 0.1610 gm on strong 

heating . ‘ . HjO = 23 . 6% 

0.7412 gm of the salt gave 0.4452 gm SrSOg . ' . Sr=28. 7% 

Calc, for Sr(C4H40*) 4H2O, Sr = 28.0% and H20 = 23.6% 

(2) 1.0936 gm of the salt precipitated from boiling solutions lost 0.0402 gm. 

on heating to 1 70® . ' . H «0 = 3 7% 

0.4368 gm of the salt gave 0.3150 gm SrS04. •.Sr=34.2% 

Calc, for Sr(C4H408) H 2 O, Sr = 34 • 5% and HjO = 7 • 09% 
and SrCCgHgOg) 1/2 HjO, Sr =35 8% and H80 = 3.6% 

It appears that the salt precipitated from the boiling solutions and dried in air 
has the formula Sr(C4H40«) H2O and this monohydratc, on heating to i7o®C 
does not lose the whole of its water and most probably becomes converted 
into the hemihydratc Sr(C4H406) 1/2 H2O. 

Ferrous Tartrate 

It is very diflScult to prepare this salt in the cold. Being very soluble, it 
could not be thoroughly purified. 

(1) 0.2486 gm of the salt precipitated at the ordinary temperature, lost 
nothing when heated to i7o®C. H2O is nil. 

The above salt gave 0.0926 gm Fe20s . ' . Fe = 26. 1% 

Calc, for Fe(C4H40e), Fe = 2 7.4% and water is nil. 

(2) 0.7134 gm of the salt, precipitated when boiling solutions are mixed, 
lost nothing when heated to 1 7o®C and yielded o . 2646 gm FegOs. . ’ . Fe >= 
25-9% 

Calc, for FeCCgHgOg), Fe = 2 7.4% and water is nil. 

It has already been observed that the salts could not be purified. It seems 
the same salt Fe(C4H406) is obtained in the hot and in the cold. 

The Velocity of Precipitation and the Influence of the Temperature on it. 

From the foregoing pages, it will be seen that in most cases the same hy- 
drate is precipitated in the hot and in the cold. Also it will be seen that in 
almost all cases the solubility of these hydrates increases with increash of 
temperature. Consequently it is impossible to find out an explanation of the 
rapid increase of precipitation when a cold mixture of an oxalate solution and 
a metallic salt solution, say of magnesium, be heated. We have already ob- 
served that when a concentrated solution of magnesium sulphate and oxalic 
acid be mixed at the ordinary temperature, no precipitate is immediately 
obtained. But if the mixture be heated, a copious precipitate of magnesium 
oxalate is obtained. 
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We have also proved that the hydrate obtained in the hot and the cold 
has the same formula, namely Mf<C204 2H2O, and that the solubility of this 
hydrate increases with increase of temperature. In order to explain the 
peculiar behaviour of increased precipitation, on heating the reacting solu- 
tions, we have to look for its explanation in the phenomena of the velocity of 
precipitation of these substances. We have attempted to measure this velocity 
of precipitation by adopting different methods. Method (i) is, mixing 
the reacting substances at a definite temperature and taking out from time to 
time a measured volume of the unacted substance with the help of a pipette, 
to the nozzle of which was attached a rubber tubing, stuffed with cotton wool. 
Seminormal manganous sulphate of known strength was mixed with pot- 
assium oxalate of equivalent strength and left at a constant temperature. 
From time to time, a measun'd volume of the unchanged substance was taken 
out with the help of a pipette and the unchanged oxalate was estimated by 
titrating against permanganate. The following results were obtained. 


t 30” Time 

0 minutes 

CC N/io KMn04 for 10 cc solution 
72.8 

Ko (Zero molecular) 

2 

45-7 

. 1022 

4 

21.55 

1320 

6 

15-65 

.1120 

8 

10.9 

. 1031 

mean .1123 


The solutions were diluted and mixed and in most cases the same velocity 
coefficient was obtained at the same temperature. 

It was very soon realised that it was very different to reproduce these 
results. Very slight shaking affects the results to a great extent. In order to 
find out the temperature coefficient of this velocity of precipitation, measure- 
ments were also made at by mixing 50 cc seminormal potassium oxalate 
and 50 cc seminormal manganous sulphate both kept at 4°C. The following 


results were obtained. 

At 4®C Time in minutes KMnO^ for locc solution Ko 

(168 8cc KMn04=' I oco oxalate) 

2 70*5 -030 

4 56.0 ‘O42 

6 47 042 

10 42 030 

12 33-3 -033 

14 24.6 .038 

16 16.04 -045 

18 40 -051 

,04 


mean 
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Applying the Arrhenius formula, loge 


Kx .A(Ti--T2) 


TiXTs 


we get A = 1447 


and 


Kt+io 
Kt 


= 1.52 


Attempts were made to find out the velocity coefficient whilst the reacting 
mixtures were being continually shaken. But no definite conclusion with 
regard to the order of the velocity of precipitation could be arrived at. In 
order to avoid supersaturation, a little manganous oxalate was added at the 
beginning of the experiment but this did not help in getting concordant re- 
sults calculated as zero, uni- or bimolecular formula. It was also observed 
that by mixing seminormal manganous sulphate and an equivalent quantity 
of potassium oxalate, the appearance of visible precipitation takes place in 40 
seconds at 30®C, whilst at 0° it takes 2 minutes, which gives Arrhenius A = 1 3 1 5 


and 


Kt-j- 10 

“kT 


= 1 .48. 


A similar experiment made with zinc sulphate and potassium oxalate gives 
the interval for visible appearance of precipitation as i minute and 51 seconds 

at 29°C and 5 minutes 30 seconds at which would give — ^ = 1.5 (nearly). 

Ivt 

Method (2). The mixture of zinc sulphate and potassium oxalate waskept 
in a beaker over a piece of paper ruled with black lines, and the time was noted 
when the black lines just disappeared, due to the turbidity of the mixture 
from precipitation of the solid oxalate. In this case the solution was kept con- 
stantly stirred. At 29°C the disappearance of the black lines took place in 
136 seconds whilst at 3® it took 660 seconds. These results give the Arrhenius 

constant A = 2204 and = 1.90 In the former cases, the reacting mix- 

Ivt 


ture was not stirred at all, while in the latter case it was continually shaken. 
It seems therefore that the temperature accelerates the velocity of precipita- 
tion to a greater extent when the reacting substances are shaken than when 
the velocity is determined without shaking the mixture. It is of interest to 
note that Marc^ showed that the velocity of crystallisation of supersaturated 
solutions of substances like potassium sulphate follows the bimolecular for- 
mula, whilst we have got agreement according to zero molecular formula®. 

The value of the temperature coeflScient for 10° rise obtained by Marc is 
1.6 whilst our value is 1.5. Moreover Jablczynski® obtains the value 2 for 
the temperature coefficient of the velocity of formation of silver bromide and 
silver chloride. 

Method (3) We also attempted to obtain the velocity of precipitation 
from measurements of conductivities. We mixed solutions of a salt (e.g, 
manganous sulphate or zinc sulphate) and an oxalate and measured the re- 
sistance of the mixture. At the very outset we were surprised to find that the 
resistance changes very slightly though an appreciable amount of the oxalate 


* Z. phyaik. Chem. 61 , 385 (1908). 

2 Compare Dhar: Z. anorg. Chem. 121, 156 (1922); J. Chem. Soc. Ill, 727 (1917). 
*Z. physik. Chem. 82 , 115 (1913). 
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crystallised out. In order to find out an explanation, we had to make some 
preliminary experiments. We mixed 50 cc of N/50 NaCl and N/50 AgNOa. 
AVe determined the resistance 45 seconds after the mixing. 1 he value of this 
resistance did not change with time. It appears, therefore, that the precipita- 
tion has probably been finished within this 45 seconds. If we mix together, 
say, potassium oxalate and manganous sulphate we get manganous oxalate 
and potassium sulphate. As most of the manganese oxalate goes out as 
precipitate, the conductivity of the mixtuni should decrease appreciably. 
But as a matter of fact, in most cases we got a slight decrease of conductivity. 
We thought that the explanation might have something to do with the phe- 
nomenon of supersaturation. Incidentally we studied the molecular con- 
ductivity of supersaturated solutions of sodium acetate, calcium chloride, 
etc. In the case of sodium acetate and in the case of calcium chloride we 
found that in concentrated solutiom^, the curve of molecular conductivity 
with dilution shows definite breaks. In other words, at certain concentration 
instead of increasing with dilution, the molecular conductivity slightly de- 
creases with dilution. In a foregoing paper, it has been observed that breaks 
of that nature which are so common in nonaqueoiis solutions arc expected 
even in aqueous solutions of elect rolytes, if determination could be made with 
sufficiently concentrated solutions.^ 

Summary 

(1) Citrates of calcium and stronium, oxalates and tartrates of copper, zinc, 
magnesium, manganese, cobalt, nickel, iron (ferrous) and thorium, are pre- 
cipitated more readily from boiling solutions of a citrate or an oxalate or a 
tartrate and a salt solution of the respective metal than when the reacting 
substances are mixed in the cold. The phenomenon of increased precipitation 
on heating the solutions of the reacting substances is of common occurrence. 

(2) The following salts have been prepared and described: — 

(a) CMCdhOih 16H2O; Ca3(C6H507)2 6H2O; Ca3(C6H507)2 4H2O 
and Ca8(C6H6()7)2 1/2 H2O. 

(b) Sr3(C6H507)2 5H2O; Sr3(C6H507)2 H2O. 

(c) 3NiC204 8H2O; 3NiC204 tHjO 

(d) 4C0C2O49H2O; C0C2O42H2O 

(e) CUC2O4 

(f) MnC204 2H2O 

(g) MgC204 2H20 

(h) FeC204 2H20 

(i) ZnC204 2H2O; 

(j) ThrC204)2 6H2O 

fk) Mg(C4H4()6) 2^^1120; Mg(C4H406) 

(l) Mn(C4H406) 2H2O; Mn(C4H406) 

(m) Co(C4H406) 2HH2O; Co(C 4H406) 

(n) Ni(C4H406) 3H2O; Ni(C4H406) 2HH2O; Ni(C4H40fl) 


^ Compare Dhar: Z. Elektrochem. 20 , 60 (1914^- 
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(o) Ca(C4H40,) 4H20; 4Ca(C4H40*) H2O; Ca(C4H40.) 3H,0. 

(p) Sr(C4H40«) 4 HjO; Sr(C4H40,) HjO; Sr(C4H40.) 1/2 H ,0 

(q) Pe(C4H«0,) 

(3) Molecular volume of water of crystallisation in some of these sparingly 
soluble salts, has the value 15 or 16, — practically the same as obtained with 
the readily soluble salts containing water of crystallisation. 

(4) The velocity of precipitation of some oxalates and the influence of tem- 
perature on it have been investigated. It is observed that when the reacting 
mixture is not agitated, the velocity of the reaction apparently follows the 

zero -molecular formula (Ko= ,) and “i-S 

t xvt 

(s) Incidentally it has been observed that the molecular conductivities of 
very concentrated solutions of calcium chloride, sodium acetate etc. do not 
go on increasing with dilution, but at certain concentrations slightly fall off. 

Chemical Laboratory * 

Allahabad, India. 

AprU IS, im. 



ON THE STABILITY OF COLLOIDAL SOLUTIONS 
PART L ALUMINIUM HYDROXIDE SUSPENSION 


BY K. C. SEN 

In a recent paper it was observed that an undialysed sol of ferric hydroxide 
required more of an electrolyte for coagulation than a dialysed sol, and the 
following results were obtained. The concentration of the sol, that is, the iron 
content was the same in both cases, while the chlorine content was obviously 
different. 

cc. of electrolyte required 

Electrolyte for coagulating 5 cc. of 


dialysed sol undialyscd sol 

KNO3 2N 3.0 6.1 

BaCL 2N 3.2 7.2 

Mg SO4 N/200 C.8 1.6 

Cd SO4 N / 200 0.6 1.8 


It was remarked in that paper that one possible explanation of this be- 
haviour may be that small quantities of hydrochloric acid might have a pep- 
tising influence over ferric hydroxide, the removal of which by dialysis makes 
the sol less stable. Similar instances are also known in the case of arsenious 
sulphide where addition of H2S makes the sol more stable towards monovalent 
positive ions. It is well known that many colloids owe their stability to the 
presence of adsorbed electrolytes. Thus colloidal manganese dioxide^ coagu- 
lates on dialysis. The investigations of Ruer^ and Hantzsch and Desch® show 
that well dialysed colloidal ferric hydroxide still contains some chloride. In 
fact it may be taken for granted that in all experiments on colloid precipita- 
tion, the colloids were never free from peptising electrolytes, the quantity of 
which has varied between wide limits in the samples of different investigators 
working on the same colloid. 

In 1917, Neidle^ showed in an interesting paper, that the stability of ferric 
hydroxide hydrosol was dependent not so much on the method of preparation 
as has so long been assumed, but to a greater extent on the purity and con- 
centration of the sols employed. He prepared a number of perfectly clear 
hydrous oxide sols. In each series the iron concentration was constant, while 
the chlorine content was varied by the addition of known amounts of hydro- 
chloric acid. The sols were precipitated by potassium sulphate solution, and 

» Ganguly and Dhar: J. Phys. Chem. 26 , 703 (1922). 

* Ruer: Z. anorg. Chem. 43 , 85 (1905)* 

* Hantzsch and Desch: Ann. 323 , 28 (1902); compare also, Duclaux: J. chim. phys. 
5 , 29 (1907). 

* Neidle: J. Am. Chem. Soc. 39, 2334 (1917)- 
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the amount of salt required for the complete precipitation of the sol was taken 
as a measure of its relative stability. 

The data showed that for a given iron concentration the stability increases 
with the chlorine content, while for sols of a given purity, i.e. ratio equivalents 
Fe; equivalents Cl, the stability decreases as the concentration increases, 
this being most pronounced for very pure sols. 

In recent years the stability of colloidal solutions has been much examined 
and it has been shown that in all precipitation experiments, the influence of 
the concentration of the colloidal solution must be taken account of. No such 
attention has however been paid to another important cause affecting the 
stability of suspensoids, namely the amount of stabilising agent present in the 
system. Unless the amount of the stabilising agent is known and experiments 
are carried out at the same concentrations of the stabilising agents, it is obvious 
that the results obtained in the coagulation experiments of two sols of the 
same substance will be different. In other words, the stability of a sol is 
dependent not only on its concentration, but also on the amount of impurity 
it contains. 

In considering the coagulation of ferric hydroxide sol, it is evident from 
the results of Neidle, that the stability increases with the increase in the 
amount of HCl added to a certain extent and then decreases. At the higher 
concentration of the acid, a portion of the colloid is dissolved with the forma- 
tion of ferric salt. It is interesting and theoretically important to enquire the 
cause of this increasing stability on the addition of slight quantities of hydro- 
chloric acid. Neidle considers that, by the addition of slight amounts of acid, 
more stable oxychlorides are formed. According to him therefore we have to 
assume a series of oxychlorides of varying composition with the progressive 
addition of hydrochloric acid. It will be shown later on that the phenomenon 
can be explained equally well on the assumption that greater quantities of 
hydrogen ion are adsorbed by the ferric hydroxide and this increases the 
stability of the colloid. 

It is apparent from what has been already stated that in order to study 
completely the stability relations of a colloid, a systematic attempt should 
be made to study the coagulation of different colloids with varying degree of 
electrolyte content. In order to obtain some experimental results of this 
nature, some experiments were designed similar to that made by Neidle, by 
adding varying quantities of stabilising electrolyte to well dialysed sol and 
then determining the precipitation value of a fixed electrolyte with this soL 
A difficulty was however soon experienced — ^namely an uncertainty as to 
whether true equilibrium occurs between the dialysed colloid and the added 
electrolyte. Unless an equilibrium is reached between the colloid and the elec- 
troljrte, whereby with increasing concentration of the electrolyte more of it is 
adsorbed by the colloid particles, the exact role of the stabilising agent is 
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difficult to explain. For, it is generally assumed that only that portion which 
is adsorbed can be effective in the stabilisation of the sol. It is therefore im- 
portant to investigate first whether any stable equilibrium point is reached or 
not. Another point of importance is that though dialysis is theoretically a 
reversible phenomenon, in actual practice often it is not so. Thus the last 
traces of chloride cannot be easily dialysed out from a ferric hydroxide sol. 
Hence we cannot start with a sol of zero impurity. In our experiments with 
ferric hydroxide, we have found that it is very difficult to obtain an equilib- 
rium point with hydrochloric acid. 

Considering all these facts it occurred to me that before beginning to work 
on a colloid prepared before hand, it would be better to obtain some compara- 
tive data on some substance which can be obtained in a pure state, and which 
can be easily peptised by means of a suitable peptising agent. In a previous 
paper^ I have studied the peptisation of hydroxides by different acids, and 
these hydroxides seemed to be suitable to start with in this investigation. It 
has been observed that freshly precipitated and well washed aluminium hy- 
droxide can be peptised very readily by means of benzoic, acetic, propionic, 
hydrochloric acids, etc. When verj^ small quantities of acids are used, the 
suspensions of the hydroxide are turbid, pass through filter papers, and are 
stable for at least 48 hours. With weak acids like acetic, benzoic, and pro- 
pionic acids, the equilibrium point is reached quite readily; but with hydro- 
chloric acid, the acid is continually adsorbed for some time by the hydroxide, 
and the conductance of the mixture hydroxide +HC 1 falls gradually with 
time. For this reason, hydrochloric acid has not been used in peptising the 
hydroxide, and in general 24 hours have been allowed for the equilibrium to 
set in. 

The stability of the suspension was measured against a standard potassium 
sulphate solution by coagulating a known volume of the suspension. Both 
the amount of the peptising acid as well as that of the concentration of the 
suspension have been varied. The determination of the exact coagulation 
point has been a matter of considerable difficulty, for the amount of electrolyte 
necessary to coagulate completely the suspension varied so much with the time 
employed, that no satisfactory data could be obtained. Hence it was decided 
to take that concentration of the electrolyte which coagulated the suspension 
immediately as the precipitating concentration of the electrolyte. By this 
method reproducible values were obtained, but the results were only relative 
and an appreciable error was introduced to which attention will be called 
later on. 

The following results were obtained: — 


^ Sen and Dhar: Kolloid-Z. 33 , 193 (1923). 
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(a) Stabilising Agent —Benzoic Acid 


Cone, of the acid 

Purity of the 

CCS. 

of N/iooo KsS 04 req^d to 

in millimoles per 
litre 

suspension — 

• millimole AliO« 
millimole acid 


coagulate 5CC. of the 


original 

suspension 

suspension 



suspension 

1/2 diluted 

1/4 diluted 
(i.6o 7§ 
millimole 



(6.43 millimole (3*215 

AlsOs per milb'mole 



litre) 

AlfOg per 

AljOg per 
litre) 




litre) 

0.312 

20.6 

2 -S 

2.4 

2.1 

0.624 

10.3 

4-5 

4.1 

3-9 

0. 78 

8.24 

S-O 

4-4 

4.0 

0.936 

6.86 

s-s 

5-0 

4 -S 5 

1.092 

$.88 

6.0 

5-3 

4*6 

1.248 

S-I 5 

6.5 

S -4 

4.6 

1.404 

458 

6.S 

S -5 

4.65 


(b) Stabilising Agent — ^Acetic Acid 


3.08 

2.087 

3-0 

2.6 

2-3 

6.16 

1-043 . 

3-5 

2.9 

2.7s 

9.14 

0.696 

4.0 

3-3 

3-0 

12.32 

0.521 

4.6 

3 .B 

3-7 

15-4 

0.417 

5-1 

4-4 

4-2 

18.48 

0.348 

5-6 

5-0 

4.9 


(c) Stabilising Agent — ^Propionic Acid. 


2.4 

2.68 

2.3 

2.15 

1.9 

4.8 

1-34 

2.7 

2.6 

2.5 

7.2 

0.893 

3-7 

3-6 

3.-4 

9.6 

0.67 

4.5 

4-35 

4.2 

12.0 

0.446 

5.5 

S- 3 S 

5.1 

14.4 

0-383 

6.5 

6.3 

6.1 


From the above results it will be observed that with the same concentra- 
tion of the suspension and increasing quantities of the stabilising agents, the 
suspension becomes more stable towards potassium sulphate. Also, with 
suspensions having the ratio AlsO»/acid equal, the stability decreases with 
the decrease in the concentration of the suspension. These results are very 
interesting from the fact, that the stability of a suspension or homogeneous 
colloidal solutions is dependent on the concentration as well as on the amount 
of the peptising agent contained in the system. A well dialysed sol is conse- 
quently less stable than an undialysed one and the anomalous results re- 
corded by several investigators* on the coagulation of sulphide sols when sul- 
phuretted hydrogen is present may be exjdai&ed on the basis of these experi- 
ments. 

An examination of the results further show that though the concentration 
of behzoic acid is less than that of acetic or propionic acid, it acts as a better 

‘ Mukherjee and Sen: J. Chem. Soc. 115 , 461 (1919); Lottennoaer: J. pndct Chem. 
(2) 75 , 293 (1907)- 
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stabilising agent. This is in accord with the fact as has been observed by me 
that benzoic acid is much more adsorbed than either acetic or propionic acid. 
Propionic acid is itself slightly more adsorbed than acetic acid and this ex- 
plains the fact that at equal concentrations propionic acid is a better stabilis- 
ing agent than acetic acid. It is apparent therefore that adsorption is playing 
an important r61e here. 

It will be further observed that the curve, Fig. i , obtained by plotting the 
acid concentration against the amount of electrolyte necessary for coagulation 
shows a well defined curvature in the case of benzoic acid. In the case of 
propionic acid the curve, Fig, 2, is a straight line and on being produced back- 
wards, cuts the ordinate at a point well over zero. Similar is also the case with 




acetic acid. Since however at the zero concentration of the acid the stability 
is necessarily zero, the curve should pass through the zero point. Neidle has 
also obtained similar results, but he considers that the colloid may be stable 
even at the negative side of the abscissa, but he does not discuss this ^'negative 
stability” of colloidal solutions. It appears to me that this fact is due to 
experimental error involved in the determination of the coagulation point of 
colloids and incidentally my results show the amount of error that is possible 
in these experiments. The dotted curve has been drawn parallel to the ex- 
perimental curve and probably the theoretically correct values may be ob- 
tained from it. 

Another interesting fact that may be discussed here is what happens if the 
concentration of the acid is increased more and more. Will the colloid or 
suspension be stabilised more and more ad infinitum? With an increase in the 
amount of acid, say in the case of aluminium hydroxide suspension, two things 
may happen. Firstly, since the suspension in this case is positively charged, 
the increasing concentration of the negative ion of the acid will have a coag- 
ulating effect on it, and secondly some of the hydroxide may be actually dis* 
solved in the acid forming a salt. It has also been found by me that in the 
case of these acids the amount of adsorption reaches a maximum with increase 
in the concentration of the acid. The curve with benzoic acid shows that the 
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stability of the suspengion with the addition of the acid reaches a maximum. 
Neidle also observed that with increasing concentration of HCl, the stability 
of a ferric hydroxide colloid reaches a maximum and then decreases. He found 
also that with higher amounts of HCl, a little quantity of the colloid dissolved 
in the acid forming salt which could be tested after coagulation of the colloid. 
Id my investigation, no salt formation was observed because the acid concen- 
tration was usually small. Theoretically however a point of maximum sta- 
bility should occur with increasing concentration of the stabilising acid. 

It is of interest here to discuss the constitution of hydroxide colloids. There 
is a prevalent view that the colloidal hydroxides are something like oxychlor- 
ides with a variable composition and Pauli and Matula* have proposed even a 
definite formula for the ferric hydroxide colloid. I have however repeatedly 
observed that if the concentration of the acid be small, and specially if the 
arid be weak like acetic acid, ferric hydroxide adsorbs the acid appreciably 
without any formation of a salt, and the adsorption is reversible. Since the 
colloids are positively" charged and since no salt formation can be traced, it is 
better to assume that the H"*" ion is preferentially adsorbed which stabilises 
the colloid or suspension. It has been found that this adsorption of the hydro- 
gen ion increases with the increase in concentration of the acid and reaches a 
maximum, and hence this adsorption view can explain the greater stability 
of the colloids with the increase in the amount of the stabilising agent without 
assuming the formation of any stable oxy-salts. The amount of adsorption 
will depend both on the amount of the colloidal substance as also on the 
amount of the acid present, and hence no simple relation exists between the 
two. Hence the composition of the colloid will vary between wide limits. 
It is an well known fact that when the concentration of the adsorbable solute 
is low, the adsorption is practically complete. This is known in the case of 
charcoal and iodine and has been found by me to be the case also with acids 
and hydrated oxides. The great difficulty of removing the last traces of HCT 
from ferric hydroxide sol by dialysis, a fact which has been supposed to agree 
very well with the assumption that a definite oxychloride exists, probably 
hinges on the same phenomenon as that in which we find that in small concen- 
trations of an adsorbable solute practically the whole of it is adsorbed by a 
substance say hydrated ferric oxide. 

From my experimental results, it will be observed that with aluminium 
hydroxide suspension, the greater the concentration of the suspension, the 
greater is its stability towards electrolytes. These results are in agreement 
with the law enunciated in a foregoing paper that the greater the concentra- 
tion of the sol, the greater the stability towards electrolytes, the purity of the 
sol remaining the same. 


Summary 

(i) In investigating the stability of sols towards electrolytes, both the 
concentration as well as the amount of peptising agent are important factors. 


^ Pauli and Matula; Kolloid-Z. 21, 49 (1917). 
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(2) It is shown in the case of aluminium hydroxide suspensions, that 
with benzoic, acetic and propionic acids, the stability of the suspension de- 
pends both on the concentration of the hydroxide as well as on the amount of 
the acid present, 

(3) With increase in concentration of the acid, the stability gradually in- 
creases to a maximum. With the same purity of the suspension, the stability 
decreases with dilution. This is in agreement with the law that the greater 
the concentration of a sol, the greater is its stability towards electrolytes. 

My best thanks are due to Professor N. R. Dhar for his interest in this 
work. 

Chemical Laboratory 

UnioersUy oj Allahabad, 

Allahabad. 

April W, 19U. 



THE THERMAL DECOMPOSITION OF METHANE 


BY R. C. CANTBLO 

That methane could be formed synthetically by direct union of carbon and 
hydrogen was first demonstrated by Bone and Jerdan in 1897.^ They heated 
pure sugar carbon in a current of dry hydrogen in a porcelain tube at i2oo®C. 
and obtained about 1% of methane in the products. Later Bone and Coward*, 
in order to confirm these results, heated purified sugar charcoal as before in a 
stream of pure hydrogen and from 0.34 g. of carbon heated at io2o-io7o®C., 
they obtained 14.25 cc. of CH4. This they claimed, confirmed the synthesis 
of methane at this temperature. Berthelot* attempted the same synthesis, 
but could obtain no methane. He attributed the methane obtained by Bone 
and Jerdan to impurities contained in the carbon used by the English chemists. 

Sabatier and Senderens^ by the action of hydrogen upon an intimate mix- 
ture of carbon and nickel obtained by reduction of its oxide at 2 5o-30o®C., 
ascertained that methane was formed at 2 5o®C., but at the same time there 
was a formation of water vapor. After some time, however, the hydrogen 
ceased to react. The same chemists found no methane when the temperature 
was raised to 4oo°C. 

Mayer, Henseling, Altmayer and Jacoby®, experimenting with the effects 
of catalysts on the synthesis of methane, found nickel, cobalt and iron efficient 
in the order given. Pring and Fairlie® found that below iooo°C. and at atmos- 
pheric pressure, the reaction was extremely slow, even in the presence of a 
catalyst like platinum. 

The reaction then began to receive attention from the other side, and 
several investigations on the decomposition of methane were undertaken. 
Bone and Coward^ working at temperatures between 5oo®C. and i2oo®C. 
declared that the rate of decomposition was inappreciable at temperatures 
below 7oo®C. unless a very large surface was exposed by packing with porous 
material. They believed decomposition to be largely a surface effect and, 
as such, affected by the deposit of carbon. Packing with quicklime resulted 
in a more rapid attainment of equilibrium. An analysis of the products from 
an hour^s heating at io3o®C. revealed the decomposition of all but 0.7% of 
methane. The deposit of carbon was hard and lustrous. 

^ J. Chem. Soc. 71 , 42 (1897). 

* J. Chem. Soc. 93 , 1975 (1908). 

* Ann. chim. phys. (8), 6, 183 (1905). 

<Bull. (4), 1, 107 (1907). 

* J. Gasbel, 52 , 166, 238, 305. 

* J. Chem. Soc. 89 , 1591 (1906), 99, 1796 {1911). 

* J. Chem. Soc. 93 , 1197 (1908). 
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Slater^ carried out an investigation to determine whether the rate of dis- 
sociation of methane depended upon the physical and chemical nature, as 
well as on the amount, of the heating surface exposed to the gas. On the basis 
of the amount of dissociation in an empty tube it was found that silica, 
magnesia, alumina and baryta slowed up the reaction, while quicklime, 
copper, carborundum, graphite, charcoal and iron accelerated the decomposi- 
tion. Heated with powdered iron at pio^C. for ten minutes, a gas analyzing 
99.4% methane gave a product that was 73.1% hydrogen. Slater concluded 
that each substance exerts a specific mfluenco on the rate of decomposition 
which therefore depends upon the nature of the substance as well as on the 
amount of the heating surface. 

As a result of a later investigation Pring and Fairlie^ found that high pres- 
sure hastens the attainment of equilibrium, and that rapid cooling prevents 
the formation of much ethylene. Under a pressure of 30-50 atmospheres, 
equilibrium was reached at the end of 2 hours with a temperature of 1200- 
i3oo®C., and at the end of 15 minutes at i4oo°C\, with or without a catalyst. 
The reaction was still more rapid at other pressures. 

Mayer and Altmayer® studied the methane equilibrium in the presence 
of cobalt and nickel catalysts. Using the method of Haber these investigators 
obtained the equation: 

21. i + — 5-9934 loge T — o. 002936 T 


« R loge 


P0H4 

P*H. 


They then state: ‘^Durch beliebiges Einsetzen der Temperaturwerte T 
konnen wir die Gleichgewichtskonstante p berechnen. Hieraus sind mit 
Hilfe einer quadratischen Gleichung die Gleichgewichtswerte fiir CH4 und 
H2 zu ermitteln.” 

Their calculated equilibrium values for temperatures from 6ooX\ to 
8oo®C. are here reproduced. 

Table I 


Temperature ®C, 

%CH4 

%H, 

600 

31.68 

68.32 

650 

19 03 

80.97 

700 

11.07 

88.93 

750 

6.08 

93-92 

800 

4.41 

95 -59 

850 

1.59 

98.41 


They attack the observation of Bone and Jerdan' that in their experiments 
upon the synthesis of methane at i2oo®C. they obtained 1-2% methane. The 
above results seem to indicate that methane cannot be formed from carbon 
and hydrogen at i2oo®C. 

^ J. Chem. Soc. 109, 160 (1916). 

* J. Chem. Soc. 101, 91 (1912). 

»Ber. 40, 2134 (1907). 
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The following thermodynamical treatment of the equilibrium C+sH* 
:fi±CH4 while considerably simplified, is essentially that used by Mayer and 
Altmayer. The van’t Hoff Isochore is — 

d loge Kp _ Hp 
dT ~ RT* 

Integrated 


Hp r 1 

logc Kp= ^ ~ / dH+const. 

_!Lp_ 

-RT J RT 


= ^ -J • dT+const. (2) 

where Ci is the heat capacity of the reactants and C2 that of the products. 
Rearranging 

RT loge Kp = Hp -T dT+T. const. (3) 

Again if is the thermodynamic potential of the gaseous system CH4 and 
^2 that of the system 2H2 formed from the first one at constant temperature 
and pressure, then 

($1 - $2)tp = RT loge Kp - RTS Vi loge Pi (4) 

Substituting equation (3) in (4) gives 

(4>.-«*2)t,p=Hp-T dT+T. const- RTSv, loge Pi (s) 

For equilibrium 4'i=f>2 whence T.const. = — Hp+T f .dT 

+RTSvaogeP. ,,, 


Since both Ci and C2 are functions of T, it is possible to express (Ci~‘C2) in 
the form «+i8 T+7T2+ .... 
whence equation (6) becomes 

T . const = - Hp+Ty " . dT+RT log* Kp (7) 

or 

T . const - - Hp+aT loge T+iS i^yT^+RT loge Kp (8) 

In this equation Hp represents the number of calories evolved when the 
products of the reaction are restored to the temperature of the reactants, i.e. 
Hp represents the heat effect that would attend the reaction if it took place 
isothermally at the initial temperature. Hp, the heat of formation of methane 
is equal to 18,900 calories per gram molecular weight.^ 

The mean specific heat of carbon per atomic weight between O and T 
absolute is given by the equation* 

0^ = 2.0994+0.001736 T. - 

‘ Hodgman and Lange: ^^Handbook of Chemistry and Physics,'^ 9th ed., p. 384. 

* Ann. Physik. (4), 14 , 328 (1904). 
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The specific heat per mol of hydrogen is 

6, 5+0.0006 T. 

The specific heat per mol of methane, according to the determined value of 
Wiillner,^ is 9.106. 

Accordingly a = 2 . 0994+ 13 9 • 106 = 5 . 9934 

/ 9 = .001736+ .0012 = 0.002936 

Equation (8) above applied to the methane equilibrium may be written — 
T const = —18,900+5.9934 T loge T+o. 002936 T- 

+RT loge (9) 

This equation differs from that of Mayer and Altmayer solely in the first 
term. The writer has used for Hp, the heat of the reaction for ordinary tem- 
peratures; Mayer and Altmayer in place of this term have used the heat of 
the reaction calculated for o®C. 

There remains the determination of the constant of integration. Mayer 
and Altmayer determined this constant from their experimental results. They 
attempted both the decom[)osition and synthesis of methane in the presence 
of the catalysts nickel and cobalt. From their results they obtain the constant 
= 21.1. It is, however, very doubtful that this is the correct value. A critical 
examination of their results reveals the fact that in no case was equilibrium 
actually reached. For example at 536^0., in experiments on the synthesis 
of methane by nickel as catalyst we find the following divergent values for 
log Kp— 0.08061, 0.25239, 0.18290, o 45200, 0.28302, 0.17747, 0.13888. 
Other experimental results for differing temperatures show" similar disagree- 
ments. 

The constant, however, calculated from their results varies for all the 
experiments between 18.8 and 22.0, This is quite possible as an inspection 
of their final equation shows. — 

PrHi 

Const. T= — 18, 507 + 5.9934 T loge T+o. 002936 'P+RT loge 

P Hi 

A variation of 100% in the value of loge 

P H2 

produces a difference of only 5% in the value of the constant. It is interesting 
to note here that von Wartenburg^ attempted to use the values of Kp ob- 
tained by Mayer and Altmayer in an application of the Nernst Heat Theorem 
to the methane equilibrium and he found that the calculated and observed 
values of T were not in agreement. 

Fortunately the Nernst approximation formula enables one to obtain a 
^‘fairly accurate’^ value for Kp, from which it will be possible to obtain some 
idea of the order of the constant of integration. 

‘ Values are those from Mayer and Altmayer’s pap<»r. 

*Z. physik. Chem. 63 , 269 (1908). 
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The Nemst formula' is 

log K» + Sv 1 . 7S log T+SvC 

where Hp is the heat developed at ordinary temperatures, Sv represents the 
volume changes and SvC a summation of constants. 

If we apply the approximation to the equilibrium at 6 oo®C. the equation 
becomes 

+ 18,900 

• log K«oo= -1.75 log 873-0.7 

whence K6oo=o.o77. 

In the same way the results given in Table II were calculated. 


Table II 


Temperature 

rr _ P^«4 

600 

0.077 

650 

0.039 

700 

0.021 

750 

0.012 

800 

0.007 

850 

0.003 

900 

0.003 

1000 

0.0015 


The constant of integration of equation (9) may now be obtained by substi- 
tuting in it Keoo = 0.077 whence 

873 Xconst. = - 18, 900-h5- 9934X873X2. 3 log 873 
+0.002936X873 + 2X873X2 ,3 log 0,077 
whence const. = 16. 

Let us now calculate Keoo using in turn the constants 21 and 16. 

873X21 = -18,900+35,250+2230+2X873X2.3 log Kp 
whence log Kp = i . 9426 
whence Kp = . 87 where const. = 21. 

Again 

873X16= -18,900+35,250+2230+1746X2.3 log Kp 
whence log Kp = 2 . 8480 
whence Kp = , 07 where const. = 16. 

It is evident, therefore, that the equilibrium concentrations calculated by 
Mayer and Altmayer (Table I) are in error. Table III contains the equilib- 
rium concentrations of CH4 and H2, calculated by the writer using the values 
fpr Kp given in Table II. 

' Vide Lewis* *^System of Physical Chemistry,** ist ed. Vol. II, p. 388. 
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Table III 


Temperature 

%CH 4 

%H, 

600 

6.9 

93 I 

650 

3-5 

96.5 

700 

2.0 

98.0 

750 

i .0 

99.0 

800 

0.5 

99- 5 

850 

0.4 

99 6 

900 

0.4 

99.6 

1000 

0.2 

99.8 


The method of calculation of the values given in Table III is evident from 
the following example for temperature = 6 oo°C. 

C+2 H2T=^CH4 

Let 2X be number of mols of hydrogen in the equilibrium mixture 
Then i --x = number of mols of methane 


whence 

whence 



x = o .87 


so that the percentage of hydrogen = 


2X 

i+x * 


100 = 93.1 


The values given in Table II indicate that even at as low a temperature as 
7oo®C. methane should be decomposed almost (completely into carbon and 
hydrogen, and that only a trace of methane could be present at iooo°C. 

These conclusions are of considerable interest when applied to the problem 
of the manufacture of carbon black from natural gas, which is chiefly methane. 
That an attempt should be made to manufacture carbon black from the ther- 
mal decomposition of natural gas is not surprising, for both the products car- 
bon and hydrogen have considerable economic value, while in the production 
of carbon, in particular, the thermal decomposition process would be competing 
with an established method of low efficiency. 


II. Carbon Black^ 

The various carbons used in the industries are produced by one of the fol- 
lowing methods : 

1. Liberation by direct contact of flame on depositing surface. The 
product is usually known as carbon black. 

2. Production by combustion of oil, tar, or other liquid or solid carbona- 
ceous material with insufficient air. The soot so formed slowly settles on the 
floors and walls of collecting chambers. The product is usually known as 
lampblack. 


‘ Information included here taken from U. S. Bur. of Mines Bull. 192. 
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3. Carbonization of solids, usually refuse, and subsequent mechanical 
reduction to a fine state of subdivision. 

4, Thermal Decomposition. 

The blacks yielded by the different processes possess different physical 
and, sometimes, chemical properties. As a result, each black has its specific 
use and usually cannot be substituted for another. These substances are not 
pure carbon, but usually contain hydrocarbons as well as other organic sub- 
stances and mineral matter. 

The recovery of carbon black, as manufactured from natural gas under 
present processes, varies between 2 and 3% and is in direct proportion to the 
content of ethane. For the gases richer in the higher hydrocarbons, not only 
is the actual quantity of carbon obtained greater, but the percentage recovery 
increases as well. The low eflSciency has led to the belief that the present 
processes are wasteful ones, and this fact, taken together with the menace of 
steadily declining supplies of available natural gas, in turn has produced con- 
siderable agitation for laws against the use of natural gas in this manner, for 
the manufacture of carbon black. Absolute prohibition of the industry in 
one state and its close regulation in several others have resulted from these 
conditions. Irrespective of the merits of the question, it is evident that if 
the thermal decomposition process can offer a greater yield of a similar quality 
of carbon, these other processes will disappear with the substitution of one 
which will afford the conservationists less opportunity and desire of attacking. 

Hydrogen, the other product of the reaction, also has an economic value. 
The decomposition process for its production seems to be commercially practi- 
cal, for the only plant at present operating under this process produces hydro- 
gen alone and does not even collect the carbon formed. 

A number of methods for the thermal decomposition of natural gas have 
been patented. In most of them the process takes place at a temperature of 
i,2oo°C. or over. While as high as 40% of the theoretical yield has been ob- 
tained in this way, a salable grade has not yet been made by this means. 

If the carbon after formation is allowed to remain in the heated zone too 
long, the particles become agglomerated and a grey variety of amorphous 
carbon results. In one method this is overcome by providing a cold surface 
for the collection of the carbon immediately after its liberation, while other 
processes rely upon the rapid expansion of the decomposing gases to sweep the 
carbon out of the heated zone. At any rate, the production of a black suitable 
for use in the rubber industry ought to be capable of attainment by one of 
these processes. The opinion of an expert on the future of the process may be 
quoted here. R. 0 . Neal of the U. S. Bureau of Mines says: ^‘Thermal de- 
composition probably offers the most promising method of increasing the 
quality of black from natural gas. The present methods are destructive to 
the apparatus — a defect that can undoubtedly be overcome — and the resultant 
product contains grit or adamantine matter, is grayish and contains some 
volatile matter.^^ 

The above, taken in conjunction with the calculated results given in Table 
III, suggests the idea of a low temperature (i.e. at 6oo-8oo®C.) decomposition 
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of natural gas. The difficulty of such a process lies, of course, in the extremely 
slow velocity at which equilibrium is reached between methane and its de- 
composition products. Obviously, such a low temperature decomposition 
would require the use of a catalyst; and in the third part of this paper, the 
results are given of experiments which were carried out in the writer’s labora- 
tory, in the search for a suitable catalyst. 

One other question may be considered at this point, viz: docs the equili- 
brium between methane and hydrogen represent the lowest potential energy 
possible, that is, might there not also the simultaneous occurrence of other 
reactions? 

Methane might decompose in any one of the following ways: 

(1) CH 4 :^C+2}i, 

(2) 2CH4T=i:C2H4+2Ho 

(3) 2CH4T:±C2H2+3H2 


However, if the equilibrium constants are 

calculated 

by the Nernst formula 

the following values are 

obtained : 

Keoo 

KtsO 

K900 

Reaction (i) 


83 4 

330 

Reaction (2) 

iXio ~7 

iXio"* 

4Xio'“‘‘ 

Reaction (3) 

I .qXio”*'* 

1X10“^ 

6X10““^ 


Evidently an entirely negligible amount of ethylene and acetylene can be 
expected. 

From 1 000 cu.ft. of methane there would be obtained theoretically by de- 
composition at 6oo°C : 

1000 X(i .87) = 1870 cu. ft. of mixed hydrogen and methane, containing: 

1870X .069 = 130 cu. ft. of methane. 

1870X . 931 = 1740 cu. ft. of hydrogen, 

i.e. 870 cu. ft. of methane should be decomposed, and should yield 27 pounds 
of carbon. 

While these figures would not be reached in any practical operation involv- 
ing this process, it is interesting to compare the theoretical yield of carbon 
with those actually obtained in ordinary lampblack and carbon black plants. 
In the latter case the value never exceeds 1.5 pounds. 

Should a successful catalyst for the decomposition of methane into carbon 
and hydrogen be discovered, there will still remain the difficulty of preventing 
the carbon from depositing upon the catalyst. This, however, is a mechanical 
difficulty which human ingenuity can no doubt overcome. 

in. Experimental Part 

The apparatus used in making the experiments which will be described 
later was of the simplest. The heating unit was a cylindrical electric furnace 
with a lamp bank in circuit for regulating the current to give any desired tem- 
perature. The reaction tube was of fused silica. The gasometer containing 
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the methane was connected by means of two large calcium chloride tubes with 
the reaction tube. The gas, accordingly, passed from the gasometer through 
the U-tubes and then through the reaction tube, after which it passed through 
another pair of calcium chloride tubes into a second gasometer. These gasom- 
eters were large glass bottles fitted with large separatory funnels and drains, 
whereby the pressure was regulated. The admission of water through the 
funnel of the first bottle increased the pressure on the contained gas, and the 
opening of the drain of the second bottle removed water and lowered the pres- 
sure. By proper regulation gas could be transferred from one bottle to the 
other at any desired rate. The calcium chloride tubes were provided to keep 
the gases in the reaction tube free from water. 

The methane used was obtained by heating together a mixture of sodium 
acetate and soda lime; the following reaction taking place: 

CHgCOONa+NaOH — ^ Na2C08+CH4. 

Methane prepared by this method is not pure and contains considerable 
hydrogen. This, however, was of little consequence for our experiments, as 
we are concerned solely with an equilibrium mixture, one of the constituents 
of which is hydrogen. 

The experimental method was as follows: The furnace was brought 
first up to the required temperature. Nitrogen was passed at a rapid rate 
through the calcium chloride tubes and the reaction tube containing the cata- 
lyst, for 20 minutes, and following this the two gasometers were connected 
in their proper positions and the methane passed through the reaction tube 
at the desired rate. After about 3 litres of methane had passed through the 
tube, the experiment was stopped, the gasometers disconnected from the furn- 
ace, and the resulting gas mixture was analyzed. 

The question will arise as to whether the nitrogen will influence the rate 
of the reaction and the final equilibrium state. Naturally, its presence by 
decreasing the partial pressures of methane and hydrogen will reduce the 
velocity at which equilibrium is reached, but the presence of an efficient catal- 
yst would render this effect negligible. It will, however, affect the final equilib- 
rium state. If we examine the equilibrium expression for this reaction, viz : 

p\o 

Kp ~ ^ , it is evident that the presence of nitrogen at an appreciable partial 

PcH4 

pressure tends to decrease the value of the expression on the right hand side 
of the equation (assuming no reaction takes place). Therefore, to restore the 
equilibrium value of the ratio Kp, a further dissociation of methane must 
take place. The presence of nitrogen, then, favors the dissociation. 

The analyses given below have been calculated to a nitrogen-free basis, 
in order to compare the methane and hydrogen contents with those given in 
Table III for the equilibrium percentages of these gases. 
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Experimental Results. 

I. Temperature 6oo°C. 

Run No. I — No catalyst. 

Rate — 20 cc. per minute. 

Volume CH4 used — 2700 cc. Volume of resulting gas — 2650 cc. 

Analyses 


Original Final 

CH4 91.2 88.9 

H2 6.9 8.7 

C2H4 0.6 1.2 

CO 1.3 0.9 

CO2 0.0 0.3 

O2 0.0 0.0 


Run No. 2 — CaO used as catalyst. 

Space Velocity — 58 litres gas per litre catalyst space per hr. 
Volume of CH4 used — 3400 cc. Volume of resulting gas — 3400 cc. 

Analyses 


Original Final 

CH4 85.0 83.5 

H2 12.0 14.4 

C2H4 2 . T I . I 

CO 0.6 I . I 

CO2 0.0 0.0 

O2 0.3 0.0 

Run. No 3 — Bone black as catalyst. 


Space Velocity — 42 litres gas per litre of catalyst space per hour 
Volume of CH4 used — 2550 cc. Volume of resulting gas — 2700 cc. 

Analyses 


Original Final 

CH4 85.5 80.0 

H2 13. I 17.8 

C2H4 1.4 0.2 

CO 2.0 0.0 

CO2 0.0 0.0 

O2 0.0 0.0 

Run No. 6 — Cu-CuO as catalyst. 


No increase in volume was obtained. Final gas was not analyzed. 
Run No. 7 — Asbestos impregnated with Ni-NiO as catalyst. 

Space velocity — 41 litres gas per litre of catalyst space per hour. 
Volume of CH4 used — ^3100 cc. Volume of resulting gas — 3400 cc. 
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Analyses 

Original 

Final 

CH< 

88.0 

81.2 

Hj 

10.3 

17,2 

C,H 4 


0.0 

CO 

0.0 

0.0 

CO* 

0.0 

1.6 

O2 

0.0 

0.0 

Run No. 8 — Asbestos impregnated with Ni-NiO as catalyst. 

Space velocity — 46 litres gas per litre of catalyst space per hour. 
Volume of CH4 used — 3500 cc. Volume of resulting gas — 3800 cc. 


Analyses 

Original 

Final 

CH4 

88.0 

81.3 

H* 

10.3 

17.7 

C*H« 

1-7 

0.0 

CO 

0.0 

0-5 

CO* 

0.0 

o.S 

0* 

0.0 

0.0 

' 2. Temperature 700' 

"C. 

Run No. 1 1 — No catalyst. 



Rate — 30 cc. per minute. 



Volume of methane used- 

-4050 cc. Volume of resulting gas — 4000 


Analyses 

Original 

Final 

CH. 

95-6 

87.6 

H* 

1.9 

10.4 

CsH 4 

1.4 

0.7 

CO 

I . I 

1,0 

CO* 

0.0 

0.3 

0 * 

0.0 

0.0 

Run No. 9 — Asbestos impregnated with Ni-NiO 

as catalyst. 

Space velocity — 43 litres of gas per litre of catalyst space per hour. 
Volume of CH4 used — 3300 cc. Volume of resulting gas — 4150 cc. 


Analyses 

Original 

Final 

CH4 

91.0 

56.0 

H* 

8.4 

43-2 

C*H 4 

0.4 

0.0 

CO 

0.2 

0.8 

CO* 

0.0 

0.0 

0* 

0.0 

0.0 


Run No. lo — Catalyst as in Run 9. 

Space Velocity — 43 i 

Volume of CH4 used — 3500 cc. Volume of resulting gas — 4000 cc. 
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Analyses 



Original 

Final 

CH4 

91 .0 

62 . 1 

Hj 

8.4 

37-9 

C,H 4 

0.4 

0.0 

CO 

0.2 

0.0 

CO2 

0.0 

0.0 

0 , 

0.0 

0.0 

3 

. Temperature 76o®C. 


Run No. 12 — No catalyst. 



Hate — 30 cc. per minute. 


Volume of (’H4 used—- 

-2700 cc. Volume of resulting gas - 2900 cc. 


Analyses 



( Iriginal 

Final 

('H4 

92.9 

85-7 

Hs 

6.5 

12 . 2 

C,H 4 

0.0 

0.6 

CO 

0.0 

0.3 

COs 

0.6 

0.8 

O2 

0.0 

0.4 

Run No. 13 — Asbestos impregnated witli Fe2()3-Fe. 


Space velocity — 30 litres gas per litre of catalyst space per hour. 

Volume of (^114 used -- 

3700 cc. Volume of resulting gas — 3950 cc. 


Analyses 



Original 

Final 

CH4 

89 - 5 

81 .4 

H, 

9.1 

13.8 

CsH4 

1.4 

0.0 

CO 

0.0 

2 . 2 

COs 

0,0 

2.5 

02 

0,0 

0.0 

Run No. 14 — Silica gel as catalyst. 


Space velocity — 2 1 litres gas per litre of catalyst space per hour. 

Volume of CH4 used— 

-3300 CC. Volume of resulting gas — 3400 cc. 


Analyses 



Original 

Final 

CH4 

895 

835 

H2 

7.0 

14.2 

C2H4 

35 

1.6 

CO 

0.0 

0.0 

. CO2 

0.0 

0.7 

O2 

0.0 

0.0 
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Run No. 15 — Asbestos impregnated with Mn02 

Space velocity — 20 litres of gas per litre of catalyst space per hour. 
Volume of CH4 used — ^3400 cc. Volume of resulting gas — 3400 cc. 

Analyses 

As there was no increase in volume during this experiment an analysis of 
the resulting gas was not made. 

4. Temperature 78o®C. 

Run No. 16 — ^Asbestos impregnated with Ni-NiO as catalyst. 

Space velocity — 52 litres of gas per litre of catalyst space per hour. 
Volume of CH4 used — 2700 cc. Volume of gas obtained — 4250 cc. 


Analyses 



Original 

Final 

CH4 

83 s 

23 -6 

H* 

7-9 

71.9 

C,H 4 

4.0 

0.0 

CO 

2.4 

1.9 

CO2 

0.9 

2.5 

0* 

1-3 

IV. Conclusion 

0.0 


An examination of the above experimental results shows that the majority 
of the contact materials used produced some catalytic effect upon the reaction. 
The effect of the Ni-NiO catalyst is especially noticeable, and the catalytic 
action of this material is such that it seems highly probable that complete 
equilibrium may be obtained at 78o°C., using this catalyst and a smaller 
space velocity. 

Experiments are now in progress in this laboratory with a view to deter- 
mining the equilibrium concentrations of methane and hydrogen in the way 
indicated above. From such equilibrium concentrations, the equilibrium 
constant, Kp, may be determined for the methane equilibrium, and the value 
so obtained compared with that calculated by means of the Nernst approxi- 
mation. 


The writer gratefully acknowledges the assistance of Messrs. A. G. Hewitt, 
and E. L. Stauffer, in part of the experimental work described in this paper. 

William H. Chandler Chemical Laboratory 
Lehigh IJmverHity^ 

Bethlehem j Pa, 



A REVISION OF THE ATOMIC WEIGHT OF GERMANIUM.* 
L THE ANALYSIS OF GERMANIUM TETRACHLORIDE, 


BY GREGORY PAUL BAXTER AND WILLIAM CHARLES COOPER, JR. 


Introduction 

The atomic weight of germanium has lieen determined by tw’O investiga- 
tors. Winkler/ the discoverer of germanium, analyzed the tetrachloride and 
obtained the value 72.5. Quite recently, in a very concordant series of expe- 
riments, Muller^ converted weighed amounts of potassium fluorgerrnanate 
into potassium chloride, and found in this way the atomic weight of german- 
ium to be 72.42. 

Because germanium has recently become available in moderate quantities 
and because the tetrachloride may be readily prepared and purified by frac- 
tional distillation, by methods perfected in this laboratory for handling other 
volatile mineral halides, notably the chlorides and bromides of silicon/’’ 
titanium,^ and boron,® we have undertaken the analysis of germanium tetra- 
chloride. The value which we have obtained is not at all in agreement with 
that of Muller and is considerably higher even than that of Winkler. 

Purification of Materials 
Reagents 

Water, Ordinary distilled water was twice redistilled, once from alkaline 
permanganate, and once from very dilute sulfuric acid. The condensers were 
block tin tubes, fitted to Pyrex flasks with constricted necks which served as 
stills. The connection w^as made by a water seal, no cork or rubber being 
used. The water was collected in Pyrex flasks, generally just previous to use. 

Nitric Acid, Concentrated C. P. nitric acid was distilled through a 
quartz condenser, the first two-thirds, as w’ell as the last tenth being rejected, 
if necessary, the fractional distillation was continued until the product was 
free from chloride. 

Silver, This substance was prepared by standard methods. These 
consisted in brief of the following processes: double precipitation as chloride, 
followed by reduction with alkaline sugar solution, fusion of the metal on 
charcoal, solution in nitric acid and repeated crystallization of silver nitrate, 
precipitation with ammonium formate, fusion on pure lime, electrolytic trans- 
port, fusion on pure lime in hydrogen, etching, drying in a vacuum at 500®. 

* Contribution from the T. Jefferson Coolidge Jr. Memorial Laboratory, Harvard 
University. 

^ Winkler: J. prakt. Chem., (2), 34 , 177 (1886). 

* Mailer: J. Am. Chem. Soc., 43 , 1085 (1921). 

« Baxter, Weatherill and Scripture: Proc. Am. Acad., 58 , 245 (1923)* 

* Baxter and Fertig: J. Am. Chem. Soc., 45 , 1228 (1923). 

•Baxter and Scott: Science, (2) 54 , 524 (1921); Proc. Am, Acad., 59 , 21 (1923). 
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Details of these processes may be found in earlier papers from the Harvard 
Chemical Laboratories. ‘ Recent work by Baxter and Parsons^ and Baxter* 
as well as earlier investigations have shown that these processes yield a product 
of adequate purity. 

Sodivm Hydroxide- This substance was prepared by metathesis from 
barium hydroxide and sodium carbonate, both of which had been recrystallized 
until practically free from chloride. The solution was freed from precipitate 
by centrifugal settling and after evaporation in platinum dishes was allowed 
to crystallize. Since the product was found to contain a small amount of 
chloride it was recrystallized several times in platinum dishes until the chloride 
had been completely removed. 

Nitrogen. Nitrogen was prepared by the Wanklyn process. Air was 
charged with ammonia and passed over hot copper catalyst. The excess of 
ammonia was removed in wash bottles containing dilute sulfuric acid, and 
the gas was further purified and dried by passing through towers filled with 
beads moistened with silver nitrate, potassium hydroxide and concentrated 
sulfuric acid and through a tube containing resublimed phosphorus pentoxide. 
The hydrogen formed by decomposition of part of the excess of ammonia was 
not removed. The apparatus was constructed wholly of glass, with either 
fused or ground connections, the latter being lubricated with concentrated 
sulfuric acid. 

Chlorine. This gas was drawn in part from a tank of liquid materiah 
in part it was prepared from concentrated hydrochloric acid and manganese 
dioxide. The chlorine was scrubbed with water and dried with concentrated 
sulfuric acid and finally phosphorus pentoxide, in an apparatus constructed 
wholly of glass. 

Extraction of Germanium from Zinc Oxide Residues 

We are very greatly indebted to the New Jersey Zinc Company for the 
generous gift of one hundred and twenty-five pounds of germaniferous zinc 
oxide, containing approximately 0.25 per cent of germanium dioxide. In 
extracting the germanium we followed essentially the procedure described by 
Dennis and Papish^ by which the germanium and arsenic are first separated 
together. At the time the improved method of Dennis and Johnson* had not 
been described. On the other hand the final separation of the germanium 
from the arsenic was effected by fractional distillation of the chlorides in 
vacuum, instead of by distillation from hydrochloric acid solution in a current 
of chlorine, as practised by Dennis and bis collaborators. Because of the 
relatively large difference in boiling points, 43®, this separation is compara- 
tively rapid. 

^ 8ee especially Richards and Wells: Pub. Carnegie Inst., No. 28, 16 (1905). 

* Baxter and Parsons: J. Am. Chem. Soc., 44 , 577 (1922). 

* Baxter: J. Am. Chem. Hoc., 44, 591 (1922). 

^Dennis and Papish: J. Am. Chem. Hoc., 43 , 2131 (1921). Hee also Buchanan: J* 
Ind. Eng. Chem., 8, 585. (1916); 9 , 661 (1917) 

* Dennis and Johnson: J. Am. Chem. Hoc., 45 , 1380 (1923). 
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The crude zinc oxide was dissolved in a large flask in a considerable excess 
of hydrochloric acid, and the solution was distilled until the volumes of the 
distillate was about twice the volume of the residue. After the acidity of the 
distillates had been brought to 6 normal by the addition of sulfuric acid, they 
were saturated with hydrogen sulfide. The precipitated sulfides of arsenic 
and germanium were washed until nearly free from chloride, with 5 normal 
sulfuric acid which had been saturated with hydrogen sulfide. Drying at 
1 1 o® followed. 

A large portion of the arsenic was next removed by roavstiiig the sulfides 
in a current of air at about 500®. Dennis and Papish^ state that about 90 
per cent of the arsenic is eliminated in this way. In the earlier experiments 
the sulfides were contained in a copper boat placed inside a glass tube which 
could be heated electrically. During the roasting a fairly rapid current of dry 
air was passed through the tube. Owing to extensive contamination of the 
product by copper oxide, the copper boat was later replaced by one of nickel 
steel. 

The crude gennanium dioxide was next finely powdered and subjected 
to a second roasting in a current of dry air at about 650°, while contained in 
an alundum boat inside a quartz tube. Material evaporating during this 
treatment and the following one was collected in traps connected with the 
outlet of the silica tube. After the roasting the air was replaced by a current 
of pure dry electrolytic hydrogen and the temperature, after being maintained 
at redness for some time, was ultimately raised to approximately 1000®. 
Most of the reduced material melted and coalesced at this temperature and 
at the same time a very considerable black sublimate consisting chiefly of 
arsenic was formed. About one hundred and thirty grams of crude german- 
ium metal were thus secured. 

Preparation and Distillation of Gennanium Tetrachloride 

Germanium tetrachloride was next prepared by heating the metal in a 
current of chlorine, purified and dried as described on page 1050. The chlorine 
train was connected through a ground joint with a hard glass tube in which 
the metal was loosely packed between asbestos plugs. This tube was also con- 
nected with a supply of dry atmospheric nitrogen prepared as described. 
The tube containing the germanium was inclined downward and connected 
at its lower end by means of a ground joint with two condensing bulbs in 
series, one cooled with ice and salt, the second with alcohol-carbon dioxide 
mixture. 

The nitrogen train and germanium tube were swept out with nitrogen 
for many hours. At the same time the chlorine train was swept out through a 
side tube. Chlorine was then admitted to the reaction tube and the german- 
ium was heated electrically by means of a sleeve wound with resistance wire. 
After a considerable quantity of the chloride had been formed, the apparatus 
became choked so badly that the experiment was discontinued. The contents 

* Dennis and Papish: J. Am. Chem. Soc., 43 , 2139 (1921). 
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of the hard glass tube were washed with water, dried and ignited in hydrogen 
and the experiment was repeated with similar apparatus. In all about one 
hundred cubic centimeters of chloride were prepared. 

The chloride at this point contained free chlorine. It also was turbid 
owing in part at any rate to suspended copper salts, for the original metal was 
contaminated with copper as stated on page 1051. It presumably contained 
hydrogen chloride and either germanic acid or oxychloride owing to some con- 
tact with the moisture of the air. Subsequent examination showed it to con- 
tain arsenic trichloride in considerable proportions, and traces of tin and 
antimony. Silicon might have been introduced in the reaction with chlorine 
in the hard glass tube but we were unable to discover this impurity. In the 
formation of boron halides^ this is a serious difficulty. The boiling points 
of the chlorides mentioned above and some others are given in the following 
table together with the effect on the observed atomic weight of germanium 
of a proportion of o. i per cent of each substance alone. 

Table I 

Boiling Points of Inorganic Chlorides 



Boiling 

Effect of 0.1% 


point 

on atomic weight 


degrees 

of Ge 

HCl 

-83 

— 0.070 

CCI4 

76-5 

— 0.061 

SiCl4 

S8 

“’ 0.045 

TiCh 

136 

—0.025 

GeCl. 

86. s 


SnCU 

1 14 

+0.048 

VCI 4 

IS 4 

— 0.021 

PCI, 

76 

-0.032 

AsCl, 

130 

+0.028 

SbCl, 

223 

+0.049 


The germanium tetrachloride was now purified by fractional distillation 
in a fashion very similar to that used in purifying the halides of silicon, 
titanium and boron in this laboratory .2 The two lots of germanium tetra- 
chloride were combined in a single glass bulb (A, Figure i) in which a few 
cubic centimeters of mercury had been placed. The bulb was connected 
with a side tube a for exhausting and with a special joint b by means of which 
the bulb could be connected later with additional systems, without breaking 
the vacuum. In the vertical view of the special joint* the sealed-in capillary 
m is closed at the end and is scratched with a file at several points to facilitate 
breaking. To break the joint the closed tube of glass weighted with mercury 
n is allowed to strike the capillary with some force. The bulb was exhausted 

1 Wahler and Deville: Ann. chim. phys., (7) 6, 296 (1895). 

®Loc. cit., page 1049. 

* Baxter, Weatherill and Scripture: Proc. Am. Acad. 58 , 250 (1923). 
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by means of an efficient water pump through a tube containing sodium hydrox- 
ide, while at the same time it was cooled with ice and water to lower the vapor 
pressure of the germanium tetrachloride. Even under these conditions the 
tetrachloride boiled gently, thus flushing out the air in the bulbs, together 
with a part of the chlorine and the hydrochloric acid formed by contact with 
moisture in the air. After the boiling had proceeded for a short time the 
tube a leading to the pump was sealed off. In order to remove the remainder 
of the chlorine the tetrachloride and the mercury were emulsified by shaking, 
and allowed to stand for some time. 

Next the bulb A, containing the tetrachloride, was connected through 
the special joint with another bulb B attached through a vertical tube to a. 



fractionating column e filled with glass pearls and jacketed with a large glass 
tube. Beyond the fractionating column were another similar bulb C and 
fractionating column g terminating in a special joint i. The bulbs B and C 
and the fractionating columns were exhausted by a Caede mercuiy^ pump 
through the capillary h which was sealed while the pump was operating. 
Communication between A and B was now made by breaking the special 
joint h and the tetrachloride was largely distilled from A and B by chilling B 
with salt and ice. After three-quarters of the liquid had distilled the V9latility 
of the remainder became so much less that only by suiTounding A with hot 
water could the distillation be continued. As subsequently found this was 
due to the concentration of the less volatile arsenic trichloride. The bulb A 
containing a small amount of liquid together with a residue of mercury and 
mercurous chloride was detached by sealing the capillary c. In the next dis- 
tillation from B to C the fractionating column c was first chilled with ice 
water. I'he still B was then surrounded with warm water and the bulb C 
was chilled with salt and ice. Under these conditions a very efficient frac- 
tionation took place with refluxing throughout the fractionating column but 
without choking. When the residue in B had been reduced to about ten 
cubic centimeters the volatility was obviously so much less than that of the* 
main portion that the apparatus was divided by sealing the capillary /. 
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The less volatile residue in B was now fractionated into five exhausted 
bulbs attached through the special joint d. These fractions, 40, 41, 42, 43, 
44, (Figure 3) were hydrolyzed and found by treatment with hydrogen sulfide 
to consist largely of arsenic. Spectroscopic examination of the sulfide frac- 
tions on graphite electrodes with a F6ry quartz spectrograph indicated also 
the presence of traces of tin and antimony. 

In the next distillation from C to a similar system attached through 
the special joint difficulty was experienced in condensing a light fraction 
in a small bulb even with the use of alcohol-carbon dioxide mixture, owing 
apparently to the presence of non-condensible gas. Therefore, a one-liter 
exhausted globe was inserted between two special joints, and, the bulb con- 
taining the tetrachloride having been warmed and the globe chilled with salt 
and ice, connection was made between the two and the globe was sealed off. 
Before the seal could be made several cubic centimeters of the tetrachloride 



Fig. 2 


distilled into the globe, carrying with it the bulk of the troublesome gas. 
This most volatile fraction, i (Figure 3), was hydrolyzed and the solid hydro- 
lytic product when tested spectroscopically, except for a trace of arsenic 
seemed to contain nothing but germanium. 

In all twenty fractional distillations with Hempel columns were carried 
out in apparatus of the general type shown in Figure 2. The tetrachloride 
being in the exhausted bulb D and the fractionating column j being chilled 
with ice and water, a less volatile fraction was condensed in the small bulb 2 
by means of alcohol and carbon dioxide and was sealed off at the capillary. 
The special joint k was then broken and the main bulk of the liquid was con- 
densed in E with great care to have the fractionating column operating with 
greatest efficiency. When the residue in the still had been reduced to a few 
cubic centimeters the capillary I was sealed. The residue in D was finally 
condensed in bulb 38 by chilling with alcohol-carbon dioxide, the rest of the 
apparatus being warmed at the same time. 
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Purity of Germanium Tetrachloride 


In this way all the tetrachloride was separated into fractioiiKS without 
accident, so that the material was not exposed to the air at any time after 
the introduction into the distillinp; apparatus. This fractional distillation is 
shown diagrammatically in Figure 3, in which the fractions arc numbered 
in the order of decreasing volatility. 1'he light and heavy fractions from the 
early distillations were tested for impurities as follows. The least volatile 
fractions from the first seven distillations were 


hydrolyzed with a considerable amount of water 
and treated with hydiogen sulfide. These 
showed rapidly diminishing proportions of 
arsenic. In fact, Fraction 34 seemed to be 
practically free from this impurity. The heavy 
residue from the eighth distillation, Fraction 
33, was hydrolyzed with ammonia and the 
solution evaporated to dryness. This residue 
was tested spectrographically as described 
above and no evidence whatever of the 
presence of arsenic, tin or antimony could be 
detected. Dennis and Johnson^ were able to 
detect 0,0005 per cent of arsenic in germanium 
by photographing the arc spectrum. We have 
no reason to believe that our spectroscopic 
procedure was any le\ss sensitive. 

Although in our experiments seven dis- 
tillations were thus required for removing 
arsenic there is no question that, if a some 
what larger residue had been rejected in each 
distillation, fewer steps would have been 
necessary. Our somewhat limited quantity of 
material led us to proceed in a more cautious 
fashion. Although wc have assumed that the 
arsenic was completely removed at this point, 
the residue of the eleventh distillation, Frac- 
tion 29, as well as Fractions 18 and iq was 
tested spectrographically. No impurities of 
any sort could be detected. 

Since the germanium tetrachloride was 
synthesized in a glass tube the possibility of 
the formation and presence of silicon tetra- 
chloride existed. The boiling point of this 



Fio. 3 


substance^ 58®, is so far below that of the germanium compound that 
rapid separation, but in the more volatile fractions, might reasonably 


be expected. Only one test for silicon was made. The contents of the 


' J. Am. Chem. Soc., 45, 1380 (1923). 
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bulb containing the most volatile fraction from the sixteenth distillation, 
Fraction 13, were added to a small amount of water in a clean platinun) cruci- 
ble and the crucible was nearly filled with constant boiling hydrochloric acid 
which had been distilled through a quartz condenser. Evaporation on an 
electric hot plate followed. Twice more in succession the crucible was filled 
with constant boiling hydrochloric acid and this acid was eliminated by 
evaporation. During these three evaporations the germanium was vaporized 
as chloride, while any silicon tetrachloride must have been hydrolyzed to 
silicic acid. The crucible was next ignited and carefully weighed by substi- 
tution. There was no evidence of any residue in the crucible except a small 
amount of platinum which had been dissolved by the acid. In order to expel 
any silica the crucible was next filled with hydroflubric acid which had been 
freshly distilled through a platinum condenser, and after evaporation of the 
acid and ignition, the crucible was reweighed. The observed loss in weight 
o . 03 mg., is insignificant, and is as likely to be due to experimental error as to 
the presence of silicon tetrachloride. Even if this really represents silica 
impurity in the gennanium tetrachloride, the corresponding amount of silicon 
tetrachloride, o . 09 mg., in a fraction weighing approximately five grams would 
lower the apparent atomic weight of germanium by only 0.001 unit. 

The Analysis of Germanium Tetrachloride 

The analysis of germanium tetrachloride followed closely the procedure 
used in the analysis of silicon tetrachloride.^ After being weighed the bulb 
containing germanium tetrachloride was broken under an excess of sodium 
hydroxide and the glass was collected and weighed. The solution was diluted 
to considerable volume and made acid with nitric acid, and then was precipi- 
tated with a solution of a weighed, very nearly equivalent amount of 
pure silver. The point of exact equivalence between chloride and silver was 
then found with the assistance of a nephelometer. In several experiments the 
silver chloride was collected and weighed. 

The bulb containing the material for analysis was first scrubted with 
soap solution and then was allowed to stand for some time in sulfuric acid — 
dichromate solution. After thorough rinsing it was soaked for at least twenty- 
four hours in the purest water. From this point the bulb was not touched 
with the fingers. Next the bulb was placed in a basket of platinum wire 
which had already been weighed under water with an accuracy of one milli- 
gram, and the bulb and basket together were weighed under water of known 
temperature. Rinsing with pure water and draining were followed by drying, 
first over sulfuric acid, finally over potassium hydroxide which had been 
fused with permanganate to destroy organic matter. The bulb was then 
weighed by substitution and the density of the air in the balance case at the 
time of weighing was found by weighing a sealed standardized glass globe.^ 

^Baxter, Weatherill and Scripture: Proc. Am. Acad., 58 , 245 (1923). 

® Baxter: J. Am. Chem. 8fc., 43 , 1317 (1921). 
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In order to hydrolyze the germanium tetrachloride without forming a 
semipermanent precipitate of germanium hydroxide, it was found advisable 
to dissolve the liquid in a solution of at least one hundred per cent excess of the 
sodium hydroxide necessary to form sodium chloride and sodium germanate. 
Furthermore, if the solution of sodium hydroxide was less concentrated than 
4 normal at the time the reaction occurred germanium hydroxide was pre- 
cipitated, although subsequent dilution of the solution did not result in pre- 
cipitation. 

A 4 normal solution of the sodium hydroxide was prepared in a heavy 
walled, two-liter Erlemneyer Pyrex flask provided with a carefully ground 
glass stopper, the weight of glas«! in the bulb containing the tetrachloride being 
estimaterl in computing the amount of sodium hydroxide necessary. In the 
later analyses the sodium hydroxide solution was first filtered through a 
platinum sponge crucible. The weighed bulb was carefully introduced, and, 
before the stopper was inserted the flask was warmed gently so that ultimately 
the pressure should be slightly inward. After cooling the flask with tap water 
the inner walls of the flask were wetted with sodium hydroxide solution by 
inclining the flask and rotating, and then the bulb was broken by shaking the 
flask. A dense fog immediately appeared in the flask. Again the flask was 
cooled and although the fog disappeared in the course of fifteen minutes the 
flask was allowed to stand for three hours longer. In the first analysis a 
2.5 normal solution of only fifty per cent excess of sodium hydroxide was used 
in the initial decomposition of the t(dra chloride, and the precipitated german- 
ium hydroxide could be dissolved only by long standing after adding more 
sodium hydroxide. In the third analysis the capillary of the bulb was first 
broken off and the precipitate which was formed by slow hydrolysis through 
the opening could be only imperfectly dissolved even by adding a large addi- 
tional quantity of sodium hydroxide and long standing. In the sixth analysis 
although one hundred per cent excess of sodium hydroxide was used, the solu- 
tion was only 2.5 normal when the bulb was broken. In this experiment also 
germanium hydroxide was precipitated and the precipitate could be ultimately 
dissolved only by the addition of more sodium hydroxide. In all the other 
analyses no difficulties of this sort were experienced. 

The fragments of the glass bulb were collected on a weighed, platinum- 
sponge crucible. The solution was filtered directly into the glass-stoppered 
precipitating bottle or Erlenmeyer flask, and the glass was washed by decan- 
tation ten or twelve times with about one hundred cubic centimeters of boiling 
hot water and once with cold water before being transferred to the crucible. 
Drying at 300® for eighteen hours in an electrically heated porcelain air bath 
preceded the weighing of the crucible both empty and with the glass. In 
order to make sure that no germanium hydroxide was retained by the crucible 
and glass, the two were further treated with hot 4 normal nitric acid by slowly 
pouring from 400 to 800 cc. through the crucible. This treatment usually 
produced a slight loss in weight of a few' hundredths of a milligram, but a 
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second similar treatment produced no further change of appreciable magni- 
tude. 

Since it seemed likely, that during the treatment of the glass with sodium 
hydroxide and with acid solution would occur to some extent, experiments 
were carried out to test this point. A solution was prepared by dissolving 
germanium tetrachloride in sodium hydroxide solution as in an analysis, and 
was filtered through platinum sponge. The glass fragments of several bulbs 
were weighed in a platinum sponge crucible and then were allowed to stand 
in the above solution for some time. The glass was collected in the crucible 
in which it had been initially weighed and then was washed thoroughly with 
hot water and finally with hot 4 normal nitric acid. Drjdng at 300® followed. 
After being weighed a second time the glass was washed with hot nitric acid, 
dried and weighed until the weight was constant. In the first four experi- 
ments the glass consisted of a mixture of fragments of different sizes and 
shapes. In Experiment 5 coarse fragments, in Experiment 6 fine fragments 
were used. The weights given in the table represent differences between the 
crucibles and counterpoises. 

The slight gain in Experiment 2 is apparently due to an undetected acci- 
dent. In the other five experiments the losses are consistent with the condi- 
tions and indicate an average loss in weight of 0.007 nig. per gram of glass 
per hour of treatment with the alkaline germanate solution, combined with 
the nitric acid treatment. A correction of this magnitude was therefore applied 
to the weight of glass obtained in each analysis. Except in Analyses i , 3 and 
6 (Table IV) this correction did not exceed o . 03 mg. 

From the observations with the bulb before breaking and the weight of 
glass corrected as above and for the buoyant effect of the air, the weight of 
germanium tetrachloride was found. The weight of silver necessary to pre- 
cipitate the chloride was computed, and was weighed out, chiefly in the form 
of a very few large buttons, the final adjustment being made with small 
electrolytic crystals. After careful solution of the silver in chloride-free nitric 
acid and elimination of nitrous acid by heating the solution, in a flask provided 
with a spray trap in the form of a column of bulbs ground into the neck of the 
flask, fifty cubic centimeters additional of concentrated nitric acid were added, 
together with sufficient water to make the solution nearly normal in silver. 
The acid solution was then added slowly with continual agitation to the ger- 
manium solution which had been diluted to less than normal concentration 
during the washing of the glass and also had been made acid by adding 4 nor- 
mal nitric acid through a funnel tube extending to the bottom of the solution. 
The mixture was allowed to stand for several days with occasional shaking, 
and the solution was tested for excess of chloride or silver in a nephelometer. 
If an excess of either was found, the deficiency of the other was made up by 
adding hundredth normal silver nitrate or potassium chloride until the end- 
point had been reached. In the earlier analyses it was necessary to add a 
considerable amount of chloride in this way because the atomic weight of 
germanium assumed at the beginning was considerably lower than that actual- 
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ly fouDd. In the later analyses the correction to produce equivalence amount- 
ed to only a few tenths of a milligram of silver. Even after the apparent 
endpoint had been reached the solutions were allowed to stand for some weeks 
longer with occasional shaking in order to allow included or occluded material 
to be extracted from the precipitate of silver chloride. Although at the begin- 
ning of a comparison of this sort the endpoint is likely to alter somewhat with 
time after two or three weeks have elapsed only slight changes are likely to 
be produced. 

The manipulations of precipitation and testing of the solutions were 
always carried out in ruby light. In using the nephelometer all the precau- 
tions noted by Richards and Wells^ were observed, such as preparing the 
comparison tubes under as nearly as possible identical conditions of tempera- 
ture, concentration and time, allowing the tubes to come to constant ratio 
by standing for an hour or more, and taking the average of several readings 
of each ratio. 

In the last seven analyses the silver chloride was collected on a platinum 
sponge crucible and weighed. First the solubility of the silver chloride was 
reduced by adding an excess of silver nitrate and cooling to o° for twenty 
hours with occasional shaking. In Analyses 19-22 one-half gram of silver 
nitrate was added, in Analyses 23-25 one gram. This relatively large excess 
of silver nitrate seemed advisable because of the comparatively large amount 
of nitric acid and sodium nitrate in the solution which increase the solubility 
of the silver chloride materially. Filtration of the supernatant liquid through 
a large weighed platinum sponge crucible was followed by thorough washing 
of the precipitate by decantation with a chilled solution of silver nitrate con- 
taining 0.05 gram per liter. The precipitate was transferred to the crucible 
with chilled water, and after being dried in an electrically heated porcelain 
oven for about eighteen hours at 300® it was weighed. Moisture retained by 
the precipitate was determined by fusing the main bulk and finding the loss in 
weight. In the first two experiments, Analyses 19 and 20, faulty technique 
may have occasioned too large a loss in weight. The later experiments show a 
water content of the precipitate more nearly in accord with other experiments 
of the same sort. 

No correction is applied for silver chloride dissolved in the mother liquor. 
The solubility of silver chloride in the chilled silver nitrate washings was 
assumed to be 0.03 mg. per liter. This correction was never larger than 0.05 
mg. The precipitating flask was rinsed with ammonia and the rinsings were 
added to the aqueous washings. The resulting solution was diluted to a 


1 Richards: Am. Chem. J., 31 , 235 (1904); 35 , 510 (1906) 
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definite volume, either 500 cc. or 1000 cc., and its chloride content was found 
by comparison with standard chloride solutions in a nephelometer after adding 
nitric acid and silver nitrate. 

In the tables the original weight of silver chloride has been corrected for 
chloride introduced in the comparison of the germanium chloride with silver. 
The results of all the analyses undertaken arc given. 

Weighings were made on a No. 10 Troemner balance, sensitive to 0.02 
mg. with a load of fifty grams. A 5 milligram rider was used to determine 
quantities less than this and more than 0.05 mg. Interpolation from zero 
points was employed only for amounts loss than 0.05 mg. 

The weights were of gold plated brass, except the fractional weights 
which were of platinum, and were compared by the Riehards substitution 
method.' 

All weighings were by substitution. In the case of the bulb and silver, 
the weights were substituted for the object weighed. In the case of the glass 
and the silver chloride the crucibles were substituted for similar counterpoises. 
A small quantity of impure radium bromide was kept in the balance case to 
prevent electrostatic effects. 

Vacuum corrections were applied as follows: 


Table III 
Vacuum Corrections 



Density 

Va(‘uum correction 

Weights 

8.3 

0.001293 

jKjr gram 

Air 

at 0® and 760 mm. 


Glass 

2.5 

+0.000335 

Silver 

10.49 

— 0.000031 

Silver chloride 

5.56 

+0,000071 


Discussion of Results 

In the following table the results are arranged in the order of decreasing 
volatility of the fractions analyzed. 


^ Richards; Jour. Chem. Soc., 22, 144, (1900). 
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Table VI 

Atomic Weight of Germanium 



Atomic weight 

Atomic weight 

Fraction 

GeCl4:4 Ag 

GeCl4:4 AgCl 

6 

72.753 


7 

72.686 


8 

72.586 


9 

72.595 


10 

72.601 


II 

72.599 


12 

72.611 

72-635 

14 

72.608 

72.618 

15 

72.600 

72.595 

16 

72.608 

72.622 

22 

72.601 

72.598 

24 

72.599 

72.604 

25 

72.604 

72.615 

26 

72.605 


27 

72.607 


28 

72.611 


30 

72.605 


31 

72.595 



Aside from the first two fractions, no systematic trend is apparent, and 
in view of the uniformity of the material over a wide range of fractions, the 
conclusion may reasonably be drawn that the purification of the germanium 
tetrachloride had been carried as far as it is possible to carry it by the method 
of fractional distillation. Furthermore, direct evidence of the absence of 
arsenic and silicon in the fractions analyzed was secured. So far as hydrogen 
chloride is concerned, the uniformity of the material is the only evidence which 
can be adduced that this substance had been eliminated. However, aside 
from the possibility of the existence of a constant boiling distillate of german- 
ium tetrachloride and hydrogen chloride, the wide difference in boiling points 
of the two substances would lead to the expectation of rapid separation at 
the start. 

The high results of the analyses of Fractions 6 and 7 cannot be ascribed 
to the presence of arsenic since these fractions were the most volatile of those 
analyzed. These two analyses were the first and third undertaken and as 
explained on page 1057 considerable difficulty was experienced in the hydrolysis 
of these fractions. Since it seems unlikely in view of the uniformity of the 
rest of the material that these fractions were really different from the rest, 
the more complicated and protracted manipulation and technical inexperience 
with the method seem to us more probable reasons for the divergence. 

Aston^ has recently found by means of the mass spectrograph that ger- 
manium consists of at least three isotopes of masses 74, 72, and 70, the relative 


^ Aston: Nature, 111, 771 (1923). 
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abundance being that of the order listed. He also states that the atomic 
weight 72.5 is not incompatible with the apparent proportions of the three 
isotopes. A difference in observed atomic weight of o.i unit is not likely to 
introduce inconsistency in this situation. With two isotopes of chlorine, there 
are evidently possible fifteen tetrachlorides of germanium with molecular 
weights ranging, with intervals of two units, from 210 to 222. The unlikeli- 
hood of appreciable separation of such isotopic molecules during fractional 
distillation has already been emphasized in the case of sili(*on and boron 
halides. Furthermore, as pointed out in the case of the boron halides, experi- 
mental evidence that isotopic separation is inappreciable is furnished by the 
ratios between the silver used in a comparison with the germanium chloride 
and the silver chloride obtained in the second step in the same analysis, since 
separation of the chlorine isotopes is as probable as that of the germanium 
isotopes. In the following table these ratios are given. 


Analyses 


T 2 

and 1 Q 

15 

22 

16 

23 

18 

25 

17 

24 

14 

21 

13 

20 


Table Vll 
Fraction of (ieC'b 
12 

14 

15 

16 
22 
24 


Ratio Ag: AgCl 
0.752711 
0.752659 
o. 752609 
0.752677 
o. 752617 
0.752645 
o. 752664 
0-752655 

0.752642 

0.752627 


25 

Average 

Average, excluding 
Fractions 12 and 14 
Richards and Wells found 


As explained on page 1 060 the silver chloride determinations in Analyses 
19 and 20 are subject to some uncertainty in the estimation of the moisture. 
Furthermore it is certain that silver chloride cannot be made wholly insoluble 
by the addition of silver nitrate in excess. In fact we found that by adding 
more silver nitrate to the filtrate of Analysis 22 a very slight but unmistakable 
opalescence was produced. W^inkler' found that silver chloride precipitated 
in the presence of germanium carried down germanium hydroxide. Although 
the results of our chloride determinations show little indication of such an 
effect, the silver chloride from Analyses 24 and 25 was tested for germanium 
spectrographically on graphite electrodes. In both cases a trace of germanium 
was present, for the line X 2651 was faintly visible in both cases, although the 
two lines X 3039 and X 3270 could not be seen in the photographs. From 
previous experience with other elements we estimate the proportion of ger- 
manium in the silver chloride as less than 0.001 per cent. This proportion 
would affect the atomic weight of germanium by 0.002 unit. 


J. prakt. Chem., (2) 3 #, 177 (1886). 
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There is no reason to believe that this slight contamination of the silver 
chloride is unique in the case of germanium. It is a question whether it is 
possible by a single precipitation to prepare absolutely pure silver chloride, 
owing to the phenomena of inclusion and occlusion. Furthermore, experience 
in the past has been that in this type of analysis the results of a comparison 
with silver is in general slightly higher than that of a silver halide determina- 
tion, a fact which is in accord with the idea that slight contamination of the 
silver halide invariably occurs. 

Because of these two uncertainties, solubility and contamination, a silver 
chloride determination is sure to be somewhat less reliable than a comparison 
with silver. 

It is diflScult to reconcile the result of this investigation with that of 
Muller, 72.418. From the standpoint of simplicity in the formula of the sub- 
stance analyzed, however, much can be said in favor of the tetrachloride over 
the potassium fluorgermanate. Further investigation is obviously necessary 
and we propose to prepare and analyze the tetrabromide of germanium as the 
next step. 


Summary 

1. A method for the purification of germanium tetrachloride from arsenic 
trichloride by fractional distillation in exhausted vessels is descrited. 

2. The atomic weight of germanium has been found to be 72,60 by 
analysis of germanium tetrachloride. 

We are especially indebted to the Bache Fund of the National Academy 
of Sciences for generous assistance in providing much of the necessary appar- 
atus and materials, and to the New Jersey Zinc Company for the gift of the 
germaniferous zinc oxide. 


Cambridge^ Mass. 



THE CATALYTIC ALKYLATION OF AMMONIA^ 

BY A. B. BROWN AND E. EMMET REID 


Introduction 

Sabatier and Mailhe^ have shown that a mixture of r)riinary, secondary 
and tertiary amines is formed by passing the vapor of an alcohol with ammo- 
nia over a variety of catalysts at elevated temperatures. Alumina, titania, 
zirconia, chromic oxide, the blue oxide of mol.ybdenum, thoria, and the blue 
oxide of tungsten have been listed as catalysts, the last two mentioned being 
commonly regarded as the most efficient. While considerable qualitative data 
are available, the theoretical and practical importance of the reaction makes it 
advisable to secure more quantitative information than is now at hand. Hence 
the present investigation has for its purpose the (piantitative study of the 
alkylation of ammonia by melhyl, ethyl, n-propyl, and n-butyl alcohols, using 
various catal^’tic oxides at temperatures up to 5 oo°C. 

On account of the favorable reports that have been made of the activity 
of the blue oxide of tungsten in this reaction, much time was spent on it, the 
catalyst being prepared in a number of different ways in the hope of finding 
an active preparation but the yields of amines with it were all poor. 

Thoria gave good yields of amines but also much aldehyde, the most of 
which passes into the nitrile. 

Silica gel proved to be comparable to freshly prepared thoria in percentage 
conversion and much superior to thoria as w(dl as alumina and zirconia in 
length of catalytic life and in freedom from destructive action on the alcohol 
not, aminated. The peculiar thing about silica gel is the wide variation in its 
activity with seemingly slight variations in its preparation. A single sample 
of silica gel will give reprochiciblo results, but two lots prepared in apparently 
the same way show different activity. A slow setting (6 to g hours) gel made 
from c.p, chemicals in exact propoidions, thoroughly washed and slowly dried 
is apt to be an active catalyst. Silica gel impregnated with nickel oxide gave 
poor results; impregnat(‘d with thoria, fairly good. Commercial silica gel 
is a very poor catalyst for this inaction though in esterification it is almost as 
good as the specially prepared.'* 


Apparatus 

The furnace used was the same as described by Kramer and Reid^ and the 
methods of operation similar. The anhydrous alcohol, accurately measured 
from a regulated dropper and calibrated tip, passed through a vertical tube 

^ From dissertation of A. B. Brown, du Pont Fellow. 

* Sabatier: Catalysis in Organic C.’hemistry, translated by Heid, p. 263, (1922); Saba- 
tier and Mailhc: Compt. rend., 143 , 1204 (1901); 148 , 898 (1909); 150 , 823 (1910}; 153 , 160 

(1911). 

* Milligan and Reid: unpublished results. 

* J. Am. Chem. Soc. 43 , 880 (1921). 
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to the bottom of a 150 c.c. distilling bulb, immersed in an oil bath kept at 
250^-300®, which served as a vaporizing and mixing chamber and preheater. 
Ammonia, from a cylinder, passed through a calibrated flowmeter and entered 
the mixing chamber through a side tube sealed into the vertical alcohol inlet 
tube. The reactants, passing from the side arm of the vaporization bulb, 
were led through an extension of the catalytic tube, where they were brought to 
the proper temperature by an electric preheating coil, and thence over the 
catalyst in the reaction tube, a pyrex tube (1.5-2 cm.X45 cm.) uniformly 
heated in a horizontal electric furnace automatically regulated to within i®, 
as read on a thermocouple laid beside the catalyst tube. The products of the 
reaction passed from the catalytic tube through a condenser into a collection 
bottle. A threeway stop-cock interposed permitted samples of the condensate 
to be taken without disconnecting the main receiver. 

Analysis 

. After an extensive study of all the methods^ that have been proposed for 
such mixtures we decided on the following plan, which is essentially that pro- 
posed by Weber and Wilson^, though we did not come across their work until 
after our own was done. The method was tested out on known mixtures and 
the corrections thus found applied to the unknowns. 

The reaction products were run for the desired time into standard sulphuric 
acid and titrated back with methyl red as indicator to determine total basic 
nitrogen. The solution was divided into aliquots, in one of which the total 
amine nitrogen was found by the method of Francois® based on the selective 
precipitation of ammonia in presence of amines in a sodium hydroxide — car- 
bonate solution by yellow mercuric oxide. The difference of these two repre- 
sents the ammonia. In a second ammonia and primary amine are determined 
together by the method of van Slyke^ for the estimation of the amino group, 
the decomposition being effected at 90®. Tests with pure ammonium chloride 
and the hydrochloride of butyl amine prepared by the reduction of nitrobutane 
gave results 2 % high — agreeing with van Slyke’s observations on other amino 
compounds. Subtracting the previously determined ammonia from the van 
Slyke values gives the primary amine. 

To estimate tertiary amine a third aliquot is placed in a 200 c.c. flask and 
suflScient sodium nitrite added to make a 25% solution. This is heated for 
an hour under reflux on a water bath, acetic acid being added from time to 
time to maintain slight acidity. A trap containing dilute sulphuric acid is 
connected with the top of the condenser to guard against loss of amine. After 
cooling the solution is transferred to a Kjeldahl stiff, nitrogen oxides blown 

Ann. 127 , 43 (1863); Hofmann: Ber. 3,776(1870); Hinsberg: 23 , 2962 
(1890); 33 , 3526-9 (1900); Hinsberg and Kessler: 38 , 906 (1905); Sudborough: Proc. Roy. 
Soc., 20, 165 (1904)1 Chem. Soc., 95 , 447 (1909); Bertheanme: Compt. rend., ISO, 1251-3 
(1901); 151 , 146-9 (191O. 

* J. Biol. Chem. 35 , 385 (1918). 

» J. pharm. chim. (6) 25 , 517 U907); Compt. rend. 144 , 567-9 (1907) 857-9 (1907). 

^Bpr. 43 , 3170 (1910). 
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off and strong alkali added, after which the tertiary amine is distilled into 
standard sulphuric acid and back titrated with methyl red as indicator. The 
secondary amine is estimated by difference from the above determinations. 

The estimation of nitrile is effectc^d by hydrolysis of an aliquot of the sample 
with 48% sulphuric acid in a pressure bottle at 100® for i hour. The product 
is diluted and steam distilled into o.i N. alkali and back titrated using phe- 
nolphthalein to determine the acid resulting from the hydrolysis of the nitrile. 

Inasmuch as the amines are estimated through their nitrogen value, a 
complete analysis of a sample for primary, secondary, and tertiary amines is 
necessary for the determination of the percentage of alcohol converted into 
amines, since primary, secondary, and tertiary amines are equivalent as re- 
gards ammonia but stand in the ratios of i :2 :3 as to the alkyls used up. Con- 
sequently, two values for percentage alkylation will be met with in the follow- 
ing tables of experimental results: the one, used when only amine was esti- 
mated, termed simply amines^’ which gives the number of molecules of 
amines from 100 of alcohol, the other alkylation^\ used when complete 
analyses were made for promary, secondary, and tertiary amines. This value 
represents the amount of alcohol converted into amiiu's. On the average this 
figure is i 6 q times the percent of amines, varying, of course, with the ratio 
of secondary and tertiary to primary, but remaining quite constant for butyl 
alcohol. In cases where complete analyses were not made, the percent of 
alcohol aminated can be approximated by multiplying the molecular percent 
by this factor. For the preliminaiy comparison of catalysts and for finding the 
optimum temperatures with various catalysts it is sufficient to consider the 
total amines formed as set down under amines’\ 

Analysis of the gases was effected by collection of a timed sample in a 
Hempel burette over dilute sulphuric acid, adsorption of the ethjdene hydro- 
carbon by fuming sulphuric acid, and determination of the residual hydrogen 
by explosion. The gas left after shaking with fuming sulphuric acid was al- 
ways found to contain practically nothing but hydrogen. 

A nitrile may be formed either from an aldehyde or from a primary 
amine with the liberation of 4 atoms hydrogen. We know little of the speed 
of the dehydrogenation of the primary amine but as relativelj" little of it is 
present during the passage of the mixture over the catalyst, it has been as- 
sumed, as a rough approximation, that al^ the nitrile was derived from the 
aldehyde, the amount of which can thus be calculated from the hydrogen 
found. 

Experimental 
Thoria Catalyst 

In view of the efficiency of thoria as a dehydrating catalyst, this was the 
first catalytic substance employed. Catalyst A was prepared by pouring over 
enough shredded asbestos to fill the catalytic tube an almost saturated solution 
of thorium nitrate corresponding to 25 g. thoria, and evaporating to dryness 
in a vacuum desiccator over sulphuric acid. The resulting hai'd mass was 
shredded into small fragments, packed in the catalytic tube, and heated to 
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270*^-300® i» the furnace whereby the nitrate was converted to the oxide. After 
complete conversion, the catalyst was thoroughly scrubbed out with moist 
air at 4oo®C. 

This catalyst was employed for the amination of butyl alcohol as shown 
m Table 1 . Some of the runs were at temperatures differing slightly from 
those fpvsfi, but, as the temperature coefficient is not great, they have been 
grouped. The rate is time in hours required for the passage of one mole of 
the catalyst. For only the first run were the amines determined separately. 
The figures for these are given in the right hand portion of the table, together 
with the percent of alkylation. 

Th^ optimum temperature is 38 o°-3qo° for a fresh catalyst but rises to 
420® of higher with prolonged use, the deterioration of the catalyst being more 
rapid during the first i)art of its life period. After having become coat(Hl with a 
carbotiaceous deposit, the catalyst may Ixi reg(merated by treatment for sever- 
al hours with moist oxides of nitrogen at 380^-400® followed by moist air, but 
does not recover its original activity, as is shown by run VI above. The 
regenej*ated catalyst is pure wdiite but its surface is distinctly different — ap- 
pearing grainy rather than powdery as it did originally. 

Catalyst B likewise containing 25 g. thoria, was made in a similar manner 
with pUmice as carrier. 

This catalyst was tested with butyl alcohol at the rate of i mole in 5.8 
hours ^ith 1.3 equivalents of ammonia, with the following results: 

Table II 

Temp. 326® 342° 355" 36(/ 385° 396" 

% Amines i 64 3.65 4 18 6.65 8 55 10.2 

The catalyst became darkened by a slight deposit but still appeared to be 
in good physical condition with a characteristic smooth surface. 

Gas Evolution 

Thoria has been rated by Sabatier' as a dehydration catalyst exclusively 
but Kriltmer and ReuF found only 2.7% of butylene to 32.7% of butyric 
^)dehyd0 produced by their thoria catalyst at 380®, from which it appears that 
differeoij preparations of thoria give widely different results. When ammonia 
is present the aldehyde formed is largely, but not completely converted, into 
nitrile with the evolution of a second molecule of hydrogen. Actually the 
furnace product gave, on distillation, a small fraction which smelled of alde- 
hyde and gs-ve the aldehyde test with fuchsine solution. 

A r\i]^ was made using the thoria-asbestos catalyst A with butyl alcohol 
vapor, i^ole in 5.6 hours, and a slight excess of ammonia, the gas being col- 
lected a?d analyzed. If all of the alcohol had been converted to aldehyde 
64.3 c.c. lof hydrogen should have been formed per minute, if into nitrile, 128 

1 HjB'hatier: “Catalysis in Organic Chemistry.” 233, (1922). 

* j|. Am. Chem. Soc. 43 , 884 (1921). 
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c.c. and if into butylene, 64.3 c.c. of C4H6 . The results are given in Table III, 
the volumes given being cubic centimeters obtained per minute reduced to 
o® and 760 mm. 

Table III 


Gases evolved from Butyl Alcohol and Ammonia 


Temp. 

Total 

C 4 H« 

H, 

% Alcohol convened into 

Gas 



C4H8 

, Nitrile 

360® 

10.3 

T.I7 

8.97 

1 .82 

7 04 

374'' 

16.02 

2 .26 

13-34 

3 52 

1 10.41 

390° 

29.87 

4.02 

23.90 

6.25 

18.6 

405*" 

33-21 

4.17 

29.0s 

6.48 

22 .6 

420® 

5728 

8.04 

49-25 

12-5 

38-3 


The figures under ^^nitrile^^ were calculated on the assumption that all of 
the aldehyde formed bad been converted into nitrile, that is by dividing the 
percentage of hydrogen by 2 which over-estimates the nitrile since some of the 
aldehyde remained as such. In a similar run using i .45 mol. of ammionia to 
I of alcohol at the same rate, the nitrile was found to be 11.05 22.3% at 

380° and 410® whereas calculated as above it would have been 12.8 and 29.5% 
Calculating the aldehyde from the hydrogen remaining after subtracting that 
corresponding to the nitrile we have 3.5 and 14.4% of aldehyde remaining as 
such. Our thoria-asbestos was a poor catalyst for dehydrating butyl alcohol 
but excellent for producing) aldehyde and nitrile by dehydrogenation. 
Above 400® a large proportion of the alcohol is used up in side reactions. 

Tungstic Oxide Catalysts 

Catalyst C. A tungstic acid hydrate geP was made by the gradual addi- 
tion of 6.38 N. nitric acid to a 12% solution of sodium tungstate, slowly until 
the first formed precipitates redissolvcs, then rapidly with vigorous stirring 
until the colorless solution takes on a clear yellow green color, the total acid 
required being 2.$ to 3.0 times the sodium tungstate equivalent. The gel 
after having set is thoroughly washed, and slowly dried at gradually increasing 
temperatures, and finally reduced at 300® with hydrogen to the blue oxide. 
Two runs were made using 78 g. of the reduced blue oxide gel. 

Catalyst D. Unhydrated tungstic acid prepared by precipitation with 
hot concentrated hydrochloric acid from a hot solution containing 25 g, 
sodium tungstate, was thoroughly washed made and in the form of a thin 
paste was distributed over small fragments of pumice. This mat^'^rial was 
then slowly dried and reduced at 275®-3oo® with ethyl alcohol vapoiC carried 
over it by air. I 

Catalyst E. Pumice in small fragments was impregnated with 2^ g. 
tungstic acid dissolved in aqueous ethyl amine, dried, packed in the ^catalyst 
tube and heated to 300® in current of air. The trioxide was then reduced to 

' Method worked out in this laboratory by Dr. C. H. Milligan to whozn we n|.re indebt* 
ed for 32 g. of this gel. 
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the blue with alcohol vapor at 350®. The resulting catalyst was notable for 
its adherent qualities and even distribution of the blue oxide. 

Catalyst F was prepared by suspending 40 g. of commercial blue oxide of 
tungsten powder on pumice. 

The efficiency of these catalysts in amination was found to be surprisingly 
low, the most active being that fonn ethyl amine tungstate. Though each 
of the blue oxide of tungsten catalysts were subjected to 10 to 12 working 
hours of catalysts, their physical properties seemed entirely unimpaired — no 
carbonization being observed. The best temperature and highest yields with 
these catalysts are given in table IV. 


Table IV 

Alcohol and Ammonia 1:1.5 over Oxide of Tungsten 


(Catalyst 

c 

C 

D 

E 

F 

Alcohol 

Butyl 

Butyl 

Butyl 

Butyl 

Ethyl 

Rate 

8* 

5-7 

S-2 

5 2 

5.8 

Temp. 

365" 

365" 

0 

320 


400° 

% Amines 

2 .98 

1-55 

3-43 

6 . 22 

7-73 

The gases evolved were 
with the following results: 

collected 

and analyzed 

with catalyst E at 365' 

Temp. 

Total gas 

Cdh 

Ho 

%CJh 

% Nitrile 

365° 

23 3 

19 4 

3 9 

26.8 

2 .69 

365° 

20 8 

17.8 

50 

25-3 

2 . 18 


from which it appears that the blue oxide of tungsten is a decided dehydration 
catalyst - agreeing well with the findings of Sabatier and Mailhe^ 


Other Catalysts 

Catalyst G consisted of 20 g. of alumina precipitated on pumice from sod- 
ium aluminate b^- sulphuric acid. It became heavily carbonized in a single 
run with butyl alcohol and ammonia. 

Catalyst H was prepared similarly to B using 25 g. zirconium nitrate on 
pumice. It carbonized badly in a single run. 

Catalyst I was 30 g. of a laboratory sample of silica gel which had been 
kept for about a year in contact with the air. After a run with butyl alcohol 
it was considerably discolored, amber to dark brown, but showed no surface 
deposits. 

Catalyst was 30 g. of silica gel impregnated with a small percentage of 
thoria. It showed only slight discoloration in one run. 

Catalyst was 30 g. of silica gel impregnated with nickel oxide which was 
reduced by the alcohol. It proved to be an active dehydrogenation catalyst 
producing much nitrile. It discolored about as I. 

The performances of these catalysts can be seen in the following Table, V, 
which gives the optimum temperatures and percent of amines formed. 

’ Ann. chiin. phys. [8] 20, 328 (1910). 

* For catalysts J and K wc are indebted to Dr. E. 11 . Barclay of this laboratory. 
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Table V 

Butyl Alcohol and Ammonia, 1:1,5 

Catalyst G H I J K 

Rate 5.6 5.75 5.58 5.7s 5,8 

Temp. 380® 360° 390® 360® 350® 

% Amines 6.55 15.0 4.60 16.4 9.63 

At 350° and at 405® with catalyst K analysis showed 24.7 and 40,1% of 
nitrile on the alcohol used. 

Silica Gel 

Our gel was prepared^ by adding, with vigorous stirring, a sodium silicate 
solution (4.5% Na20) to an equal volume of 10% pure hydrochloric acid. Aft- 
er the gel sets, it is broken into large fragments which are placed in a tray 
having a bottom of wire netting and suspended in running water for several 
days. The gel is dried at temperatures rising by stages to 180® before being 
placed in the catalyst tube. 

For charging the reaction tube 30 g. of the gel in fragments 0.5 to 0.7 cm. 
were required. After running for 25 hours with butyl alcohol and ammonia 
there was no diminution in the activity of this catalyst. All of the runs in the 
following Table VI were made with the same sample^ of catalyst, the runs are 
numbered in the order in which they were made. 


Table VI 

Alcohols with Ammonia 1:1.5, Special Silica Gel 


Run 

3 

2 

4 

5 

I 

Alcohol 

Methyl 

Ethyl 

Ethyl 

Propyl 

Butyl 

Rate 

Temp. 

5-9 

5-6 

Percent 

5.6 

Amines 

6.2 

Formed 

5-5 

300® 





3-7 

320® 

5-4 

5-1 

5-6 

14.6 

5-4 

340° 

8.4 

9-5 

8.9 

19.8 

6.5 

360® 

12.4 

12 . 7 

12 . 1 

24.1 

8.1 

0 

0 

00 

17 .0 

18.5 

19.9 

26.4 

II. 7 

400® 

23 -3 

25,6 

25.6 

29.6 

18.3 

420® 

310 

311 

30.8 

32.4 

20.7 

430° 





20.4 


Propyl alcohol appears to be the most readily aminated. About 4oo®-42o® 
is the best temperature. 

The run of butyl alcohol was continued for 3 hours using 0.56 mole of the 
alcohol. The lower layer of the product weighed 8.59 g. and contained 0,0034 
moles of amines while the top layer weighed 24.78 g. with o.i i moles of amines 
or 20.3%, A new run was made with the same gel and samples taken at inter- 
vals with the following results: after i h. 22.8%, after 6 h, 23.2%. After 
standing cold over night it was started again and gave: after i h. 22.4%, after 
3 h. 20.7% and after 6 h. 22.9% amination. 

‘ Method in use in this laboratory due to Dr. Patrick. 

* Kindness of Dr, E. H. Barclay of this laboratory. 
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The gases evolved were studied and found as follows: 


Table VII 


Temp. Alcohol 

Gas 

GnH2n 

H 2 

CnHan 

H* 


per min. 

e.C, 

c.c. 

% 

% 

400 Ethyl 

7.77 

3 28 

4.48 

4.72 

3.22 

415 Butyl 

8.90 

6.75 

2.15 

10.90 

1.75 (fresh gel) 

415 Butyl 

12.85 

7.85 

5.00 

12.80 

4 . 06 (long used gel) 


From these figures it appears that silica gel dehydrates moderately well 
hut dehydrogenates much less than thoria, which is a great advantage in this 
reaction. 


More extensive runs and complete analyses on methyl, ethyl, n-propyl 
and n-butyl alcohols using fresh samples of gel in each case gave the results 
of Table VIII. 


Table VIII 


Alkylation of Ammonia by Various Alcohols over Silica Gel. 
I Mole Alcohol to 1.5 Ammonia in 6 hours. 


Alcohol Temp. 


Total 


Percent Amines 


Prim. 


See. 


Tert. 


% Alkylation 


Methyl 

to 

00 

0 

4-9 


360° 

9.0 


395'’ 

16 . 1 


423° 

25 7 


447 ° 

29.8 


481® 

34.1 


510° 

32.8 

Ethyl 

354 ° 

4 9 


395 ° 

10.6 


415° 

155 


436" 

19 2 


456^ 

21 5 


477 ° 

22 2 


500® 

17.3 


520® 

14.2 

Propyl 

300° 

8 0 


331° 

12.7 


359 ° 

18.7 


388® 

27 .8 


420® 

32.9 


0 

00 

19.5 


468° 

9.0 


490“ 

31 

Butyl 

381“ 

10-5 


407“ 

15*3 


430® 

17-4 


472® 

12.7 


5 9 ^7-^ 2 2 


14.3 17 9 1-9 


43 74 3-8 

78 97 4.1 


7.6 

10 3 

0 . 76 

19.5 

10.8 

2.6 

151 

30 

1 .4 


0-45 

9.6 

0.53 

7-4 

71 

0.81 

10.9 

5*4 

1 .14 

8.4 

2.9 

1-45 


47-7 

55-8 


30.6 


39 4 


30.6 


48.8 
25 4 


21.4 

24.0 

25 .0 
18.6 
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A different preparation of gel showed with butyl alcohol a similar maximum 
yield but a sharper break in the temperature-ydeld curve, under similar condi- 
tions, as Table IX indicates. 

Table IX 
System BuOH-NH» 

Temp. 320° 354° 381° 396° 420° 452° 472° 493° 

%Amine8 3.29 4.77 9.40 10.90 14.44 i7-40 6.60 2.86 

A silica gel for general commercial catalytic and adsorption piu'poses prepared 
by the Davison Chemical Company of Baltimore was tested on ethyl alcohol 
for comparison purposes. Taste revealed the presence of sodium sulphate 
in this gel but the quantity present was not determined. Thirty-five grams of 
the gel in fragments of about 0.3 cm. diameter were used as a catalyst charge. 
The results obtained with ethyl alcohol and ammonia (Molal ratio 1:1.5 at a 
fiow rate of one mole EtOH per 5.6 hrs.) are given in Table X, 

Table X 

Temp. 354° 375° 402° 426° 454° 481° 

% Amines 5.28 6.80 9.47 10.21 9.44 9.54 

whereby it is seen that its efficiency falls far short of that of the active sOica 
gel prepared in the laboratory. 


Summary 

The alkylation of ammonia by methyl, ethyl, n-propyl, and n-butyl alco- 
hols, by passing their vapors with ammonia over catalysts at 300-500°, has 
been studied quantitatively. The following catalysts, arranged in the order 
of ascending effectiveness, have been studied: blue oxide of tungsten, com’l 
silica gel, alumina, silica gel impregnated with nickel oxide, zirconia, silica gel 
impregnated with thoria, and special silica gel. 

For high activity, long life, and absence of side reactions, the special silica 
gel has been found to be much the best. The optimum temperatures, percent- 
ages of alcohol converted to amines, and the ratios of primary, secondary, and 
tertiary amines formed are as follows: methyl, 480°, 56%. 5:12:3; ethyl, 
465°, 39-5%, 2:5:3; n-propyl, 415°, 49%, 10:11:8; n-butyl, 430°, 25%, ii:- 
11:3. 

Chemical Laboratory 

Johns Hopkins University 

Baltimore^ Md. 



THE CATALYTIC DEHYDRATION OF ALCOHOLS^ 

BY A. B. BROWN AND E. EMMET REID 


It has long been known that alcohols undergo thermal decomposition in 
two ways^: 

RCJH 2 CH 2 OH— ^R(^H : Cn2+H20 
RCH2CTl2()II— ^RCHzCHO+Ha 

Both of these reactions are gre^atly accelerated by catalysts as has been 
shown in comprehensive studies by Sabatier and Sendercns^ and Sabatier and 
Mailhe^ Sabatier*’ divides the catalysts into 3 classes: (i) dehydrating, 
(2) mixed and (3) dehydrogenating, placing the oxides of thorium, tungsten, 
and aluminum in the first class and silica in the second. Kramer and Reid® 
have reported the formation of a large amount aldehyde when butyl alcohol 
and hydrogen sulphide are passed over thoria and Brown and Reid^ observed 
considerable aldehyde formation in the case of butyl alcohol and ammonia 
over the same catalyst. The question arose* whether the aldehyde formation 
is influenced by the presence* of the hydrogen sulphides and ammonia or whether 
thoria is more of a dehydrogenation catalyst than has been suspect ( kI. The 
recent work of Adkins® shows that the method of preparation of a catalyst 
influences the kind of its action as well as its activity. 

As a search of the literat ure did not reveal complete analysis of the gases 
evolvc^d in the passage of an alcohol over catalysts for an extended tempera- 
ture range, it was decided to make a careful study of two alcohols, (ithyl and 
butyl, over the dehydrating catalysts, thoria, alumina, blue oxide of tungsten 
and silica g(*l at various temperatures. In all cases carbon dioxide was found : 
the amounts are small except with thoria with whi(;h it is 10% of the reaction 
product at high terrifieratures. Its origin is not apparent: perhaps the alde- 
hyde first formed [)olymerizes to tlu^ ester which decomposes to give carbon 
dioxide in the known manner, or perhaps the carbon monoxide resulting from 
the breaking up of the aldehyde yields carbon and carbon dioxide. 

From ethyl alcohol both ethane and nu'thane are formed and from butyl 
alcohol, both butane and propane, the amounts of the ethane and butane being 
particularly large with silica gel as catalyst. The methane and propane doubt- 
less come from the decomposition of the aldehydes yielding CO as the other 
product, while the ethane and butane must be produced by the hydrogenation 
of ethylene and butylene by the hydrogen present. 

‘ Contribution from the Chemical Laboratory of Johns Hopkins University. 

* Berthelot and Jungfleisch: Traitd de chimie org. 1, 256 (1886). 

® Ann. chira. phys. [8] 4 , 458 (1905). 

*lhid [8] 20, 289 (1910). 

® ‘^Catalysis in Organic Chemistry,” p. 252 (1922) 

* J. Am. Chem. Soc. 43 , 880 (1921). 

’ J. Phys. Chem. 28 , 1067 (1924). 

* J. Am. Chem. Soc. 44 , 2175 (1922). 
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After our work was finished an article appeared by Gilfillan^ in which the 
dehydration of ethyl alcohol by some of the same catalysts is described. His 
reaction tube was nearly the same size as ours but contained more catalyst 
and he passed the alcohol more rapidly. Our results agree in a general way 
with his, in so far as comparisons can be made. He does not give complete 
analyses of the gases produced. 

We find that butyl alcohol is decomposed at a lower temperature than 
ethyl, the differences for 60% decomposition being 78® with W2O6, 104® with 
alumina, 54® with thoria and 78° with silica gel. Comparing the catalysts, 
we find the following order with the two alcohols, the figures interposed repre- 
senting the difference in temperatures at which the catalysts effect 60% de- 
composition, i.c. alumina decomposes 60% of butyl alcohol 27® lower than 
blue oxide of tungsten: 

Ethyl alumina W206 92® thoria 33® s. gel — s. gel com'l. 

Butyl 27® 16® 9® ’’ 81® 

The curves for alumina and blue oxide of tungsten cross for both alcohols. 
These are the best catalysts for making ethylene and butylene, both on ac- 
count of high yield and purity of products. 

The ratio of unsaturated hydrocarbon to aldehyde decreases with rise of 
temperature with all of the catalysts. It is greatest with alumina and least 
with thoria. 

Comparing the two alcohols, we find the ratio of butylene to aldehyde to 
be considerably higher than that of ethylene to aldehyde with the same 
catalyst. 

Catalysts 

The preparations of catalysts were similar to those in our study of the 
alkylation of ammonia^ The tube was filled with 75 g. of the special silica 
gel. The thoria (25 g.) on asbestos was similar to “catalyst A^\ The blue 
oxide of tungsten was 75 g. of the commercial oxide made into a paste and sus- 
pended on asbestos, otherwise similar to “catalyst The alumina catalyst 
was made by suspending 25 g. of the well washed hydroxide as a paste on 
asbestos fibre, drying at 100® till crumbly and finally heating in the tube for 
an hour at 375-400®. 

Apparatus 

The apparatus used was essentially that described by Kramer and Reid® 
and used by us in previous work^. The alcohol fed in through a calibrated 
dropper at a known rate, approximately 0.2 mole per hour, passed through a 
vaporizing bulb, over the catalyst and through an air condenser to the receiver, 
a constant level trap being used to avoid correction for volume of liquid con- 
densed. The air condenser was used to minimize the solubility of the hydro- 
carbons in the condensate. 

^ J. Am. Chem. Soc., 44, 1323 (1922). 

* J. Phyg. Chem. 28 , 1067 (1924). 

* J. Am. Chem. Soc. 43 , 880 (1921). 

* J, Phys. Chem. 28, 1067 (1924). 
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Analysis 

The gases were collected in a burette over water saturated with ethylene 
(or butylene) and analyzed in a modified Orsat apparatus. The steps were: 
(A) shaking with water saturated with the hydrocarbon to remove alcohol and 
ether vapors, (B) shaking with caustic potash solution which had been satur- 
ated with the hydrocarbon, CnH^n, (C) shaking with fuming sulphuric acid 
followed by caustic potash solution containing no (while the gas 

sample was in the acjid pipette, the burette was filled with water free from the 
hydrocarbons), (D) shaking with ammonical cuprous chloride, (E) burning 
the residual gas in a combustion pipette with an oxygen-air mixture, (F) 
measurement of i/he contraction due to the combustion, (G) determining the 
carbon dioxide thus formed. 


The Alcohols 

Both alcohols were refluxed over lime until thoroughly anhydrous and 
distilled. 


Results 

The results are given in Tables I and II. The figures in column 3 are the 
yield of ethylene or butylene bascnl on the total alcohol passed in while those 
in the rest of the columns are figured on the amount of alcohol, decomposed as 
given in column 2. The methane or butane formed is the same as the carbon 
monoxide. The figures in the last column give the ratio of the ethylene or 
butylene to the aldehyde found. The percentages of carbon dioxide given are 
double the percentages found by analysis since two molecules of alcohol are 
required to give one of the dioxide. The percentages of aldehyde and of 
aldehyde decomposed have l)een calculated from data in columns 7 to 10. 


Table I — Ethyl Alcohol 


Alumina 


Temp. 

</cDec. 



%Ald. 

%Ald,dpr. 

%C() 

%C 02 


Ratio 

275 

21 . 1 

19.9 

94.7 

I. 79 

0 

00 

T -32 

0.85 

3 29 

0.39 

S 2-3 

325 

70.9 

69.0 

97.2 

I- 3 I 

40 0 

0.27 

0 . 53 

1 .06 

T05 

00 

400 

86.5 

83 -4 

96.5 

2.49 

16.2 

I .04 

0.40 

0-93 

T -45 

38.6 

500 

86.0 

80.9 

94.0 

4. 18 

8.0 

3*42 

0.34 

1 .99 

0 77 

22.5 


Thoria 


350 

II. 8 

8.4 

71.7 

26 . 7 

3-5 

23.8 

0 

bo 

3.7 

0.98 

00 

400 

S 7-9 

36.2 

62.6 

29.7 

5-7 

28.7 

1 .69 

8.9 

0 98 

2 .11 

450 

79. a 

41.2 

52 . 1 

37-6 

5 . 1 

34-7 

I- 9 S 

15.5 

I-2S 

1.42 

500 

86.8 

39-9 

46.0 

41.1 

3-2 

38.9 

1 .32 

19.7 

2.38 

1 . 12 


{Table 1 con^^nued on page 1080 ) 
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Blue oxide of Tungsten 


250 

16.2 

15.6 

96.1 




0.54 

2 .04 



300 

589 

57.8 

98.1 




0.39 

0.52 



375 

65.0 

62.8 

96.6 

2.23 

17.7 

1 .06 

0.36 

0.48 

1. 18 

43.3 

475 

70.0 

63.5 

90.8 

8.43 

4.0 

5.24 

0.34 

0.64 

3.19 

10.8 





Silica gel, special 





360 

16.2 

13.7 

84 s 

14.3 

0.0 

7.42 

0.0 

V3I 

6.84 

5.92 

400 

47*9 

39-5 

82.6 

15.2 

4.8 

6.55 

0.73 

I 46 

8.72 

5.43 

450 

66.8 

52.2 

78.1 




0.93 

1.86 



500 

71.9 

52.9 

73-5 

23.6 

4.2 

12 . 28 

0.99 

1.99 

II -34 

3 . II 


Table II — Butyl Alcohol 


Temp. 

%Dec. 

%C«H* 

%C4H8 %Ald.%Ald.deC.%H 2 

%co 

%C 02 

%c: 4 H 

16 Ratio 

175 

48.3 

47-7 

99 I 

0.23 

1. 19 



255 

71.9 

70.8 

98.5 

0.35 

0.98 



345 

79.1 

77-3 

97-7 

0.49 

I -94 



450 

91.5 

88.8 

97.1 I. 31 32.9 0.87 

0.43 

1-45 

0.43 

74.1 




Thoria 





325 

24.9 

23 -3 

93.6 4-9 71 4-3 

0.35 

1. 31 

0.66 

18.9 

370 

78.8 

74.6 

94.6 3.7 8.0 2.9 

0.30 

2 .07 

0.74 

25.7 

415 

84.7 

77.6 

91.7 5.4 7.9 4.3 

0.43 

4.27 

I . IT 

17.1 

455 

100,9 

S 7-3 

56.8 29.8 4.5 29.5 

1.33 

16.82 

0.26 

I 9 




Blue oxide of Tungsten 





225 

45-9 

45-6 

99 3 

0. 18 

0 • 53 

— 


278 

87.7 

8 S -3 

98.4 


0.89 



333 

85.9 

84.4 

98.3 

0.42 

0^. 84 



400 

88.4 

83.2 

941 5-4 S -2 382 

0 .27 

0 . 29 

I 47 

175 




.Silica gel, special 





325 

17.4 

17 .6 

IOI.3 

0.32 

1 . 26 



355 

S6.i 

54-3 

96.8 

0.50 

0 .72 



405 

85.2 

82.5 

96 9 

0 41 

0.79 



475 

84.2 

76.0 

90.3 3-31 55 4-20 

0.41 

1.05 

3.22 

273 




Silica gel, com’l 





400 

21.3 

19.4 

90.9 16.3 4.8 9.3 

0.78 

2.34 

7.0 

SS6 

440 

59.9 

45.5 

76.0 20.9 5.8 12.0 

1 .21 

1 .90 

8.9 

3 64 

48s 

90.2 

59.5 

66.0 28.3 8.0 17.5 

2 .27 

2 .41 

10.9 

2-34 


The results above were plotted and smooth curves drawn. From these 
the temperatures at which even percentages of the alcohols are decomposed 
by the various catalysts were taken off. These are given in Table III. 
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Table III 

Temperatures at which various percentages of the alcohols arc decomposed. 



Ethyl Alcohol 




Butyl Alcohol 


% 

W 2 O 6 

AUO, 

Th()2 

Silica gel 

W ,03 

A1,0: 

, ThOs 

Silica 

Spec. 

(iel 
Corn ’I 

20 

253 

27s 

350 

364 


— 


328 

— 

30 

260 

283 

369 

376 


— 

328 

335 

— 

40 

269 

2g2 

380 

389 

220 

— 

335 

342 

418 

50 

282 

302 

392 

409 

228 

179 

342 

350 

429 

60 

313 

312 

405 

438 

235 

208 

351 

360 

44 T 

70 

480 

325 

423 

490 

243 

248 

360 

37 X 

454 

80 


447 

448 

— 

253 

3 S 8 

370 

388 

470 


Summary 

The cataljdic decomposition of ethyl and butyl alcohols by blue oxide of 
tungsten, alumina, thoria and silica gel has been studied between 220° and 
500°. The first two named an? the bi'st (*atalysts for producing ethylene and 
butylene both for yields and absence of side reactions. For 60% decomposi- 
tion the temperature is about 76° lower for butyl than for ethyl alcohol. 


Baltimore y Md. 



A STUDY OF THE DENSITY OF CARBON 

BT H. C. HOWABD AND G. A. HIJLETT 

Introduction 

During the war this laboratory was engaged in a study of the physical 
properties, such as density, pore volume and adsorbtive power, of the active 
charcoals which were used as absorbents in the gas masks. In the course of 
this investigation, the interesting fact was observed that the density of these 
charcoals, determined by evacuation and immersion of the completely evacu- 
ated charcoal in a liquid, varied with the liquid which was employed. This 
curious phenomenon, together with that of ^drift' or increase in the density 
of the sample with time of immersion, was studied in detail by Cude and 
Hulett^ and they concluded that the use of different liquids rCwSulted in varying 
densities because the liquids penetrate the capillaries of the charcoal to a 
different degree, that liquid which penetrates the most readily giving the 
greatest density and vice versa. Working with the liquids water, benzol 
carbon tetrachloride and carbon bisulfide, they showed that the densities 
obtained were in the order predicted by the assumption that the extent of 
penetration is directly proportional to the surface tension of the liquid employed 
and inversely proportional to its viscosity. 

Assuming that incomplete penetration is the correct explanation of the 
variation in density observed, it follows that even the highest values obtained 
for the density by this method are probably lower than the true density. 
The highest value obtained by Cude and Hulett for coconut charcoal was i .98. 

Harkins and Ewing^ have also reported the results of density determina- 
tions upon active charcoals in several liquids. They observed this same varia- 
tion in the density of the charcoal in the different liquids but interpreted the 
results very differently, for they concluded that the variation in density is not 
due to differences in the degree of penetration of the charcoal by the liquid 
but to the fact that the liquid at the surface of the charcoal is compressed, 
and that the magnitude of this compression varies, it being greatest with the 
most compressible liquid. Obviously the density will appear to be greatest 
in that liquid which is most highly compressed and densities obtained by a 
liquid immersion method will, on the basis of this hypothesis, be higher than 
the true density, (unless there is present a combination of the two effects, 
incomplete penetration and compression of the liquid). From data on the 
adsorption of liquids such as benzol, water and ether, these workers concluded 
that the true density of active charcoal is about 1.6. 

Lamb and (.'oolidge'* in an article on the heat of adsorption of vapors on 
active charcoal state, ‘^the process of adsorption can be pictured as taking 

‘ J. Am. Chem, Soc., 42 , 391 (1920). 

* J. Am. Chem. 80c., 43 , 1787 {1921). 

3 J. Am. Chem. Soc., 42 , 1146 (1920). 
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place in two steps; first, compression of the gas to such a point that liquif ac- 
tion ensues, and second, a, further compression of this liquid by the adsorptive 
forces of the adsorbent''. It is evident that these authors also believe that 
the density of a liquid film on an adsorbing surface is greater than the density 
of the liquid in bulk. 

A. M. Williams' on the basis of experimental work of his own, as well as 
the data of Cude and Hulett, arrived at the same conclusion. The same 
author, in another paper^, again discusses the compression of liquids at 
liquid-solid interfaces and by plotting the data of Harkins and Ewing® and 
extrapolating, he shows that the specific volume of their charcoal is approxi- 
mately .69, which corresponds to a density of 1.45. He points out, however, 
that extrapolation to zero compressibility is probably not justified, because 
of the comparatively narrow range of compressibility of the liquids employed. 

Washburn, in an investigation on the porosity of ceramic bodies'*, was con- 
fronted by this same problem of the determination of the true density of porous 
materials. He employed helium, hydrogen, air, water and vaseline as filling 
fluids. In most cases the porosities determined by the use of helium, hydrogen 
and air were identical, thus showing that these ceramic bodies do not adsorb 
even air in appreciable amounts. In a few of the experiments, however, 
there was a difference of j to 2 percent between the porosity determined by 
hydrogen or helium and that determined by the use of air; indicating that 
some of these materials do have slight adsorptive power. Even in the cases 
where adsorption was thus shown to be present, the porosity, as determined 
by a liquid, was from 5 to 10 per cent below that determined by the use of 
helium or hydrogen. That is: although, we are here dealing with an active 
substance, one that adsorbs air, determinations of the density, using a liquid 
filling fluid, yield low results due to incomplete penetration. 

A recent paper by two German workers, Berl and Urban® deals with this 
problem of the effect of the filling fluid on the apparent density of a porous 
body. In describing their work on the properticvS of silicic acid gel, these 
authors state, that ether, not water was used as a filling fluid in making the 
density determinations, because many small capillaries would have remained 
closed to the appreciably more viscous winter which were readily filled by the 
ether. As a consequence, they point out, that their values are in all cases 
higher than older results, which were obtained by the use of water. Obviously 
these authors believe that the higher density obtained with ether is to be 
ascribed to the more complete penetration of the capillary spaces of the silicic 
acid gel by that liquid. 

^ Proc. Roy. Soc., 98 A, 223 (1920). 

“Trans. Faraday Soc., IV, i, 87 (1922). 

* Compressibility, at 12,000 Kg. per square centimeter, for each hquid was plotted 
against specinc volume of the charcoal as observed with that liquid. 

^ J. Am. Ceram. Soc., 1921 - 1022 . 

* Z. angew. Chem. 36 , 57 (1923)’ 
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Purpose of the Investigation 

It is evident from the preceding discussion that there are possible two 
distinct explanations of the fact, that the density of a porous body, determined 
by immersion in a liquid, varies with the liquid employed, and that very 
different conclusions as to the true density of the body will be reached, de- 
pending upon which of these explanations is accepted. The purpose of this 
investigation was to obtain evidence bearing on these two points of view. 

Discussion of Methods 

In the determination of the true density of a body such as charcoal, parts 
of which are difficultly accessible to the filling fluid, the use of a gas as a filling 
fluid at once suggests itself, since, by its use, surface tension and viscosity 
effects will be largely eliminated. Unfortunately, all gases, with the possible 
exception of helium are known to be adsorbed by active charcoal to such an 
extent as to render them useless for this purpose. 

A search of the literature revealed very little exact information as to the 
magnitude of the adsorption of helium on charcoal. Homfray^ however, 
records some experiments and reports that it is not adsorbed at all at room 
temperatures, but this measurement may be in error by several tenths of a 
cubic centimeter, since the Tree space^ in the system was determined by cal- 
culation, from the weight and density of the charcoal employed. 

Homfray and several other investigators have also measured the adsorption 
of helium on charcoal at liquid air temperatures and have found it to be very 
small as compared even with hydrogen^, as is shown in the following table: 


Adsorption of Hydrogen and Helium at Low Temperatures 



Adsorption 

Temperature 

Pressure 

Observer 

Hydrogen 

56.0 cc. 

-i 9 S°C. 

20,6 mm. 

Claude 

Helium 

0. 21 

-19s 

27 

Claude 

Helium 

I 8 

— 190 

705 

Homfray 

Helium 

. 16 

-79 

674 

Homfray 

Hydrogen 

5-4 

-79 

721 

Titoff 


Washburn^ in speaking of the use of gases in determining density, states, 
^‘For most ceramic bodies dry air is a satisfactory gas but hydrogen will be 
required in some instances. Helium could, of course, be employed for all 
types of porous material at room temperature or above^'. 

The first part of this investigation consisted of measurements of the densi- 
ties of various carbons at room temperature, using helium as a filling fluid. 
In computing the density the assumption was made that this gas is not ad- 
sorbed. In the latter part of the paper, evidence as to the correctness of this 
assumption, is submitted. 

‘ Z. physik. Chem., 74 , 129 (1910). 

^Claude: Compt. rend, 158 , 861 (1914); Mcljean: Trans. Roy. 80c. Canada, 12, 79 

(1918). 

* J. Am. Ceram. Soc. 5 , 113 (1922), 
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Experimental 

The apparatus used in the density determinations is shown in P'ig. i. and 
consisted of a bulb A to hold the charcoal, connected throupih a ground joint 
D and a three-way stop cock C to a burette B. This cock also permitted 
communication with a vacuum pump and a source of helium. In order that 
the apparatus might be sufficiently compact to be placed in a thermostat, a 
burette of the weighing type was employed. A 2 mm. capillary tube E con- 
nected the lower end of the burette, through a stop cock 1" with mercury in 
the weighing bottle G. Gomnuinication between the burette and the weighing 



Fid. 1 


bottle was controlled by this cock. The weighing bottle was connected to the 
capillary by an air-tight ground j(»iiit. Th(^ pjes.sure on the suiface of the 
mercury in the weighing bottle could be regulated through the side tube I, 
by means of the mercury reservoir L and levi'ling bottle K. liy increasing the 
air pressure on the surface of the mercury in G, mercury could be forced from 
the weighing bcjttlc up into tlie burette and vice versa; the cock 1^" being open, 
of course, during this procedure. 

In order to make a density determination with this apparatus, it is lu'cea- 
sary to determine, first, the volume of gas required to fill bulb A and the com- 
municating capillary, when empty, Vi and, second, the voIuuk^ necessary to 
fill it when it contains a known weight of the charcoal, \ 2 . Assuming that 
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the f^as used is not adsorbed by the charcoal, the true density of the latter 
will be given by the following relation: 

weight of charcoal 

Density = 

V1-V2 

Method of Manipulation 

The bulb A was filled with the sample, which was previously dried in 
vacuum at 200® C. to remove adsorbed water. The ground joint D was lightly 
greased and the bulb attached. (In order to permit the sample to be heated 
during evacuation, the thermostat was constructed so that it could be lowered 
and swung to one side and an electric furnace placed around the charcoal 
bulb. During this heating the ground joint at D was kept cool by a few coils 
of line lead pipe carrying cold water.). To insure complete removal of ad- 
sorbed gases, the samples were first evacuated for four hours at 300-400® C. 
with a “Hyvac/^ oil pump, and then with a Toepler pump, until a vacuum of 
approximately 10“^ mm. was maintained over a five minute period. After 
evacuation the stop-cock C was turned to the right to shut off communication 
with the vacuum pump and the bulb A was allowed to cool to room tempera- 
ture. The thermostat was then raised until the burette B and the bulb A were 
completely immersed. 

Stop-cock H was closed and the leveling bottle K raised until it was approx- 
imately level with the mercury in the burette B which had been previously 
filled with purified helium'. Stop-cock F was then opened and by var^dng the 
height of the leveling bottle the pressure was adjusted to some fixed point on 
the mannometer M.^ Stop-cock F is then closed, the levling bottle K low- 
ered, stop-cock H opened, and the weighing bottle G detached and weighed. 
This procedure was repeated several times. It was found that the pressure set- 
tings could readily be reproduced so that the variation from the mean, of 
the weight of mercury in the weighing bottle did not exceed 0.08 grams, cor- 
responding to a variation of about 0.005 cc. in the volume of gas in the burette. 

The volume of the empty bulb once having been found, obviously, all that 
is required in making a density determination is a measurement of the volume 
of gas necessary to fill the bulb when it contains a known weight of charcoal. 

The “block” density of active coconut charcoal is approximately 0.5 
so that about 20 gms. of charcoal will be required to fill a 40 cc. bulb. The 
free space will be approximately 30 cc. which can be measured with an accur- 
acy of about =*=.005 cc. The volume of the charcoal will be approximately 
10 cc. and this quantity will be accurate to about =*=.01 cc. which will result in 
an error of four in the third decimal place in the density of a charcoal of this 

^ The helium used in this work was obtained through the courtesy of Dr. R. B. Moore 
of the Bureau of Mines. It was purified by first passing over copper "and copper oxide at 
50O®C., and then over freshly evacuated active charcoal at the temperature of liquid air. 

* A platinum wire, ground to a point, sealed through the side of the mannometer 
and bent downward at an angle of 90®, was found to be a suitable reference point. 
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kind. It is evident that the accuracy of the determination depends upon the 
‘‘block” density of the sample, the smaller the ratio of the block density to 
the true density, the less the accuracy will be. 

The weight of the charcoal used, was obtained after the density deter- 
mination had been .completed, by detaching the charcoal bulb, filled with 
helium, stoppering quickly and weighing. The data from a determination 
are given in the following table: 

Sample = Coconut charcoal, Agog, 20-40 mesh. 

Temperature = 2 5®C. ^.02°. Pressure approximately 76 cm. 

Corrected weight of char coal = 20. 57 gms. 

Volume of the empty system = 39, 03 ce. 


A 

B 

723 -73 

(' 

D 

E 

F 

0.0 

^328.60 

305.13 gms. 

29.10 cc 

9 . 84 cc 

2.09 

0*3 

327. 3 ,S 

396.38 

29 35 

q.68 

2.12 

5-5 

326. 10 

397-63 

29.38 

9.6s 

2.13 

19.0 

325 00 

398-73 

2(J 46 

9-57 

2. IS 

72 .0 

32495 

398 78 

29 46 

9-57 

2.15 


A == Time in hours 

B = Weighing bottle and mercury 

C = Loss in weight of weighing bottle 

D = Volume of helium required to fill the bulb 

E = Volume of charcoal 

F = Density of Charcoal. 

It will be noticed that there is a very distinct “drift” or increase with 
time, of the volume of helium required to fill the bulb. Cude and Hulett 
observed this phenomenon when making density determinations with liquids. 



SB 












7 

f I 

'-/ME //V Hi 
0 1' 

■7C/R5 

5 21 

) 2 

5 50 


Fuj. 2 


That it should also be present when a gas is used as a filling fluid, is striking 
proof of the extreme fineness of the capillary spaces with which we have to 
deal in a substance like charcoal. The capillaries in such material undoubted- 
ly range in size from those visible to the naked eye to those of atomic dimen- 
sions. 


^The first reading was taken about five minutes after the stopcock to the evacuated 
sample had been opened. 
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The magnitude of the effect is clearly shown in Fig. 2. 

The densities recorded for the charcoals which showed this ^^drift/’ are 
those obtained after about twenty hours ‘^soaking’’ in helium, under a pres- 
sure a few millimeters greater than atmospheric. 

In order to get an idea of the relative activities or adsorptive capacities 
of the various forms of carbon upon which these density determinations were 
made, adsorption measurements with nitrogen were also carried out in each 
case. In calculating the adsorption, the assumption was made that the vol- 
ume of helium required to fill the bulb represents the tnie “free space” of the 
system. 

The results of these density and adsorption measurements are presented 
in the following table: 



Sample 

Density 

Nitrogen 

Adsorption 

I 

Coconut charcoal Agog 

2 . 12 

8.8 cc. 

2 

Sugar charcoal 

2 . 26 

6.2 cc. 

3 

Kelp charcoal 

00 

5 . 2 cc. 

4 

Carbon black 

2.05 

5 • 5 cc. 

5 

Coconut charcoal 

2.14 

8.2 cc. 

6 

Willow charcoal 

1.44 

2.8 cc. 

/ 

Petr('!eum coke 

^ -43 

0.3 cc. 

8 

Coke from bituminous coal 

I -51 

0.5 cc. 

9 

Ceylon graphite 

2 . 28 

None 


The nitrogen adsorption is given in cc. of nitrogen, reduced to N. T. P., 
per gram of charcoal. 

All the samples were 20 to 40 mesh, except the kelp charcoal and the carbon 
black, which were finer than ico mesh. A brief dc‘scription of each of the 
samples is given below. 

1. A steam activated coconut charcoal. 

2. Prepared by igniting recrystallized cane sugar in an open dish and 
then heating the resulting charcoal for four hours at looo^C. in vacuum. 

3. A decolorizing charcoal from the Government Plant in California. 
It contained about twelve percent ash. 

4. A steam treated gas black. 

5. An active coconot charcoal from the National Carbon Company. 

6. A laboratory charcoal such as is used for “blowpipe” analysis. 

7. From the si ills of the Standard Oil Company, Bayonne, New Jersey. 

8. From Illinois soft coal — Coke from the Bureau of Mines. 

Discussion of Kesults 

It will bo observed that the densities of these carbons, with the exception 
of those which were probably very imperfectly freed from hydrocarbons, are 
nearly the same as that of graphite. Chaney^ has reported that the densities 
of active charcoals, determined by evacuation under kerosene, approach that 


1 Trans. Am. Electrochem Soc. 36, 107 (1920). 
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of graphite. The value found by Harkins and Ewing, using ether as a filling 
fluid, was 2.129. In this connection, a paper by Debye and Scherrcr^ is of 
interest. They concluded from X-ray analysis, that there was no essential 
difference between amorphous carbon and graphite, the amorphous carbon 
being merely in a finer state of subdivision, and recently, O. Asahara^ from a 
series of similar experiments has reached the same conclusion. 

The Problem of the Adsorption of Helium 

As was previously pointed out, these density determinations with helium 
are based on the assumption that the gas is not appreciably adsorbed by char- 
coal at room temperature. If the helium is adsorbed, we can readily calculate 
the magnitude of the adsorption which must be present to give a body of true 
density of the order of 1.5, an apparent density of 2.0. It will evidently be 
represented by the difference between the specific volumes 0.66 and 0.50 or 
o 16+CC. per gram. 

Measurement of adsorption of this order of magnitude, or absolute proof 
of its absence is not a simple problem, but the well known variations of ad- 
sorption with (t) temperature, and {2) pressure, suggest an opening for attack, 
as does also the fact, (3) that the ratio of the adsorptive powers of tw'o char- 
coals of different degrees of activity is approximately constant for all gases. 
That is, if the adsorptive power of a charcoal for nitrogen is largely destroyed, 
its adsorptive power for helium will be decreased in a similar ratio.*"’ 

The three possible means of solution of the problem, which were suggested 
above, will now be considered in detail: 

(i) ^'^ariation of Adsorption with Temperature:— By reference to Fig. 1. 
it can readily be seen that, since the bulb *^A^’ and burette are both at the 
same temperature, the volume of gas required to fill “A’^ is independent of 
temperature, if no adsorption takes place and the thermal expansion of the 
bulb itself is neglected. 

It, how^ever, the bulb ‘^B” is filled with an adsorbing material, the amount 
of gas necessary to fill the bulb will not be independent of the temperature. 

Let us consider the volume of gas requires! to fill a given bulb containing 
an active material at two temperatures, such as ti and t2. Then if : Vi = volume 
required to fill the bulb at ti, 

V2 — volume required to fill the bulb at t2. 
ai and a2 — the adsorptions in ce. per gram corresponding to ti and t2, (reduced 
to N. T. P.). 

* Phys. Z. 18 , 291 (1917). 

*Chem. Abstracts, 17 , 656 (1923). 

® See Freundlich: ‘^Kapilla^chemie’^ p. 178 (1922)* 

It is interesting to note that in this last respect, active charcoal differs markedly 
from metals such as copper. See? Pease: J. Am. Chem. Soc., 45 , 1207 (1923). 

Sheldon (Phys. Rev. 16 , 165 (1920) has reported a charcoal which varied from the 
usual mode of behavior, in that its relative adsorptive power for nitrogen and hydrogen 
could be reversed by suitable treatment. 
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Vb - the volume of the bulb, 

M *=the mass of the charcoal, 
and d =the true density of the charcoal 
the following relationships will evidently hold 

(a) V,=V„ - + a,M 

d \ 273 / 

(b) V.-V.-M + ajl, (=”±5!) 

d \ 273 / 

(c) and V, - V* = aiM ( -ajM 

\ 273 / \ 273 / 

From equation (c), it follows that for Vi— V2 to be zero, ai and a2 must be 

/ 2 '7 \ *4”ti \ 

zero or the condition a2 = I — — lai be fulfilled. In other words, 

V 273 +t 2 / 

the change of adsorption with temperature happens to be of the same or nearly 
the same order as the change in density of the gas with temperature, a zero 
value for Vi — V2 shows that the adsorptions at ti and t2 are zero, within the 
limits of experimental error. 


Experimental 

Measurements of the volume of helium required to fill the bulb A when 
empty and when containing coconut charcoal, were made at 25®, 50®, and 
75®C. The pressure in each case was approximately 760 mm. The results of 
these measurements are presented in the following table. 

(a) Volume of helium required to fill the empty bulb at: — 


2 s'’ 

So° 

75 ° 

39.093 

39.090 

39.088 

39.088 

39.098 

39095 

39.100 

39 087 

39.099 

Mean = 39 . 090 cc. 

39.OQI cc. 

39.094 cc. 

(b) Volume of helium required to fill the same bulb containing 20.671 
gm, of coconut charcoal, — 

25'’ 

50° 

75 " 

29. 137 

29 - 134 

29.151 

29.150 

29.125 

29.138 

29. 140 

29.144 

29. 129 

Mean — 29. 142 

29.134 

29.139 


These data indicate that helium is not adsorbed measurably at 25® and 
above. , 

(2) Variation of Adsorption with Pressure: — In general, the adsorption 
of gases on charcoal increases with pressure. With some gases, e.g., hydrogen, 
the increase is approximately a linear function, with others, such as nitrogen, 
the variation is exponential. By carrying out a series of experiments at con- 
stant temperature and varying pressure, and by the application of equations 
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analogous to those developed above, further evidence as to the magnitude of 
the adsorption could be obtained. It was not found possible to investigate 
this phase of the problem. 

(3) Destruction of Adsorptive Power and Measurement of the Density 
of the Inactive Charcoal: — If the nitrogen adsorption of a charcoal of known 
density is decreased by some means to a fraction of its original value and the 
density of the charcoal (measured with helium), remains unchanged, we are 
justified in assuming that the adsorption of helium by the original charcoal 
is negligible, since, as pointed out above, the ratio of the adsorptive powers of 
two charcoals is approximately constant for different gases^ 

It is well known that, in general, heating tends to decrease the adsorptive 
power of active materials. The temperature required varying greatly with 
different substances. Lemon^ has re- 
ported that the adsorptive power of 
coconut charcoal can l>e greatly decreased 
by evacuating at ooo°C. and completely 
destroyed at i2oo°C. These results 
suggested the possibility of destroying 
the activity of our charcoal by heating to 
a high temperature in vacuum. Then 
by measuring the density of the active and 
inactive charcoal with helium, we would 
obtain information as to the magnitude 
of the helium adsorption and consequent- 
ly, evidence asto the correctness of our 
density determinations. 

Preliminary experiments showed that, 
we could decrease the adsorptive power 
of our charcoal for nitrogen to approxi- 
mately half its original value b}^ heating 
for an hour under vacuum in a quartz tube 
to iioo®-i2oo°r. Because of the short 
life of the quartz tubes at this tempera- 
ture and the possibility of the con- 
tamination of the charcoal, we later Cljam>al msidr> the'tub<*, MaKnchmin 

employed alundum tubes. 

The apparatus which we found most satisfactory for the heating of charcoal 
to high temperatures in vacuum is shown in Fig. 3. A is an alundum tube, 
B and are graphite electrodes, C is an iron vacuum-tight jacket fitted with 
a cover plate D. The system w^as evacuated through E. The leads from the 
electrodes were insulated and water-cooled and, to prevent radiation, the 
space around the alundum tube was packed with lo-mesh, fused magnesium 
oxide. The charcoal was placed inside the alundum tube. 

‘ Obviously, in computing those nitrogen adsorptions, it is immaterial whether the 
charcoal is assumed to have a density of 1,5 or 2.0, since the difference involved is of another 
order of magnitude entirely. 

*Phy8. Rev., 14 , 281 (1919). 
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Because of the large temperature gradient between the electrodes, it was 
found necessary to introduce two graphite discs dividing the charge approxi- 
mately into thirds. By this means the central portion could be separated 
cleanly and the upper and lower thirds discarded. The temperature of the 
central portion was taken by a thennocouple encased in a small alundum 
tube, introduced through the side of the large alundum tube. 

The electrical conductivity of the coconut charcoal was found to be such 
that the application of 220 volts on the end of the charge heated the central 
portion of the charcoal to 1 200*^ in about half an hour and 3 to 4 amperes were 
found to be sufficient to maintain it at that temperature indefinitely. 

The effect of heat treatment on the density and adsorptive power of coco- 
nut charcoal is shown by the following data: — 



Temperature 

Density 

Nitrogen Adsorption 

(1) 

90o®-iooo®C 

2 . 22 

8,2 cc. 

(2) 

1 I00®-I200°C 

2 . 26 

3 • 9 cc. 

(3) 

I300®-I400®C 

2.13 

3 . 8 cc. 

(4) 

Approx. i6oo®C 

1.44 

0.2 cc. 

(s) 

Approx. 2ooo®C 


0.2 cc. 


Nitrogen adsorption is given in cc. per gram at N. T. P. 

The samples were maintained at the temperatures indicated for 30 min- 
utes. Temperatures up to 1400® were measured with a Pt-Pt.Rd thermo- 
couple. Charcoals (4) and (5) were not heated in this furnace but in a covered 
graphite crucible in a Northrup induction furnace. (The temperatures in 

(4) and (5) were estimated by the operator of the furnace.^ 

The results obtained in runs (i), (2) are such as would he predicted from 
general considerations. There is a marked decrease in adsorptive power and 
a slight increase in density as the temperature of treatment is increased.* 
These data indicate that our original assumption, with respect to the non- 
adsorption of helium, is correct. 

The data on density and adsorption, for the charcoals which were heated 
to 1600® and 2ooo®C., appear to refute this statement. It seems probable, 
however, that the values given do not represent the tme densities of these 
charcoals. Such abnormally low densities would evidently be found if a large 
portion of the inner spaces of the charcoal had been cut off from communica- 
tion with the exterior by a ‘‘plugging” of the fine capillaries, with carbon 
deposited from the “cracking” of hydrocarbons. In this connection, the 
marked difference in appearance noted between charcoals (i), (2), and (4), 

(5) is pertinent. The first two had the usual slight lustre of an active coconut 
charcoal and the particles were clean and hard. Charcoals (4) and (5), on 

1 In order to confinn the value 1.44 found for charcoal (4), with helium, a density 
determination was made in water. The density found by that method was 1.330. 

^ The authors are indebted to Dr. E. F. Northrup for his co-operation in carrying out 
these latter runs. 

* See Firth: J. Chem. Soc., 119 , 926 (1921). 
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the other hand, were dead black and left a sooty deposit when rubbed on paper. 
Each piece looked as though it had been given a coating of carbon black.^ 

The explanation given above for the abnormally low densities found for 
charcoals (4) and (5) is further confirmed by the abnormally large ^‘drift’^ 
observed in the case of charcoal {3), which was heated to an intermediate 
temperature and might be expected to exhibit an incomplete stopping of the 
capillaries. In the case of this charcoal, the ratr of penetration of the helium 
was decreased remarkably but penetration was not completely prevented. 

By comparison of the following curve, Fig 4, with that given before, the 
much greater magnitude of the drift in this case can readily be seen. 



Fjfi. 4 


The work of Berl and Urban, on the properties of silicic acid gel, which 
has been mentioned in another connection, is also of interest here. In experi- 
ments where the gel was heated from 300^^ to iooo°C\ they observed a decrease 
in apparent density. The explanation which they offer is as follows: '‘The 
heating produced an increasing closure of the capillary openings, so that the 
pore volume was not completely filled by the ether, from which there neces- 
sarily followed a decrease in apparent density.'^ 

The values which they obtained for the density of silicic acid gels which 
had undergone the treatments indicated, were as follows : 

^ That the low values found for charcoals (4) and (5) were not the result of the 
different method of heating employed with those charcoals, was proven by an experiment 
in the furnace shown in Fig. 3. IDuring one run, this furnace accidentally reached a tem- 
perature such that the thermo-couple melted, indicating a minimum temperature of 1700®- 
1800°, and the density of the charcoal so treated was found to be 1.42. 
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Density 

2 . 465 Dried at 25^0. 

2 . 390 Heated at 3oo®C. 

2.271 Heated at looo^C. 

The similarity of their results to those which we obtained with carbon is 
very striking, the chief difference being the higher temperature at which the 
effect is observed in the case of cartoon. 

It was thought desirable to obtain definite proof that the charcoals with 
which we were dealing followed the relationship discussed under (3), which, it 
will be recalled, was that charcoals of different degrees of activity exhibit a 
constant ratio of adsorptive power for different gases. 

With this end in view, the following measurements were carried out: — 

(a) The adsorptions of carbon dioxide, nitrogen, and hydrogen on active 
charcoal. 

(b) The adsorptions of these gases on the same charcoal after the latter 
had been heated for thirty minutes at i2oo®-i3oo®C. in vacuum. 

The data show that the relationship holds approximately with these gases. 

Adsorptions at 

(cc. at N, T. P. per gram of charcoal) 


(a) 

Active coconut charcoal 

Carbon Dioxide 

510 

Nitrogen 

8.2 

Hydrogen 

0.81 

(b) 

Coconut charcoal after 
heat treatment 

25.6 

3*9 

0.55 


While the proof of the absence of adsorption of helium on active charcoal 
at room temperatures is not so complete as could he desired, the following 
points are considered to be good evidence that our assumption in that respect 
is correct. 

(1) The volume of helium required to fill a bulb containing active char- 
coal was found to be the same at three different temperatures. 

(2) The density of a charcoal, determined with helium, does not decrease 
when its activity, as measured by nitrogen adsorption, has been decreased to 
half its original value. 

(3) With carbon from different sources no direct relationship has been 
found between the density of a charcoal, measured with helium, and its ac- 
tivity. In general, the active charcoals show higher densities, as would be 
expected, considering their greater freedom from hydrocarbons. 

(4) No density determination with helium has yielded a value higher 
than the density of graphite. If the density measured with helium does not 
represent the true density of the charcoal, it seems a strange coincidence, 
that the magnitude of the adsorption should always happen to be such as to 
yield an apparent density less than that of graphite. 

A comparison of our results with those obtained by Harkins and Ewing 
shows that densities determined with helium are only slightly higher than 
those obtained by the use of certain liquids such as ether and pentane. If 
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these values are all too high, the error in each case being due to increase in 
density of the filling fluid at the surface of the charcoal, it seems remarkable 
that a comparatively highly incompressible fluid, such as ether, should be 
compressed to almost the same degree as a readily compressible fluid such as 
helium. 

Summary 

1 . An apparatus has been constructed for the determination of the true 
density of porous substances. Helium gas is used as the filling fluid. In the 
case of coconut charcoal, the density can readily be determined with an accur- 
acy of one unit in the second decimal place. 

2. The density of active coconut charcoal determined in this way is of 
the order of 2.1. 

3. The values for the density of charcoal found by this method confirm 
the conclusions of Debye and Hcherrer and of Asahara, that all c.arbons con- 
sist essentially of graphite^ which is contaminated to a greater or less degree 
with hydrocarbons. 

4. The results of density determinations on carbon from various sources 
show a wide variation, depending upon the purity. Low densities are attrib- 
uted to the presence of hydrocarbons. 

5. ('arbons which have been heated above i4oo°(\ show abnormally 
low densities. 

6. The hypothesis of Harkins and lowing and of Williams that liquids 
at the surface of strongly adsorbing solids exist at gn^ater than normal density, 
has not been confirmed. 

7. Evidence is presented to show that the adsorption of helium gas by 
active charcoal at. room temperatun* is not of sufficient magnitude to vitiate 
density determinations in which it is employed as a filling fluid. 



IRREVERSIBLE REDUCTION AND CATALYTIC 
HYDROGENATION^ 


BY JAMES B. CONANT AND HAROLD B. CUTTER 

Organic compounds which are rapidly reduced in solution by soluble 
reducing agents may be divided into two classes. In the one class are those 
substances of which the oxidized and reduced forms arc in mobile equilibrium 
at room tejnperature with reducing or oxidizing agents, and in the other are 
compounds whose behavior under ordinary conditions does not correspond 
to the existence of such equilibria. As examples of the first class may be 
mentioned the systems, quinone-hydroquinone, indigosulfonate-leuco-indi- 
gosulfonate, nitrosobenzene-phenylhydroxylamine in which the relationships 
between the oxidized and reduced substances are essentially those so common 
in inorganic chemistry and represented by the system ferric chloride-ferrous 
chloride. Numerous investigations^ of the last few years have shown that the 
oxidation-reduction potentials of such organic systems may be measured and 
these potentials condition the behavior of the compounds in question towards 
oxidizing or reducing agents. In almost all cases of such reversible oxidation 
or reduction, the speed at which equilibrium is attained is very rapid even in 
dilute solutions at room temperature. 

The reduction of compounds of the second class such as azo dyes, nitro com- 
pounds, and cert^ain unsaturated ketones also proceeds rapidly, but, unlike 
the reduction of quinone does not reach a final equilibrium. This is evident 
from the fact that it is impossible to find a reducing agent with which the re- 
duction will proceed to such a measurable equilibrium (reducing agents cither 
are without effect or cause complete reduction) and also because the reduction 
can not be reversed by treating the reduced compound with an oxidizing 
agent of potential higher than that of the weakest reducing agent necessary 
for the reduction. Thus while i, 4 naphthoquinone is reduced to the hydro- 
quinone by stannous chloride (potential^ +0.4) and the hydroquinone is 
oxidized to the quinone by ferric chloride (+0.8), dibenzoylethane (CJls- 
COCH2CH2GOC6H5) is not affected by ferric chloride although the oxidized 
form, dibenzoylethylene, (CenBC/OCH — CHf^OCcHb) is not reduced by 
stannous chloride but only by the more powerful titanous chloride (-fo.o). 
We shall designate the reduction of a substance of this second class by the 
term irreversible^ in order to distinguish it from the reversible reduction of a 
compound of the first class. 

^ Contribution from the Chemical Laboratory of Harvard University. 

* Granger and Nelson: J. Am. Chem. Soc. 43 , 1401 (1921); W. M. Clark: J. Wash. 
Acad. Sci. 10, 255 (1920); Public Health Reports 38 , 443, 666, 933, 1669 (1923); Biilmann: 
Ann. chim. 16 , 321 (1921); 19 137 (1923); La Mer and Baker: J, Am. Chem. Soc, 44 , 1954 
(1922); Conant, Kahn, Fieser and Lutz: Ibid, 44 , 1382 (1922); Conant and Fieser-.Ibid, 44 , 
2480 (1922); 45 , 2194 (1923). 
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No oxidation-reduction potential can be measured in the case of a com- 
pound which is irreversibly reduced since the oxidized and reduced forms are 
not in equilibrium with the reducing agents. Thus, while an inert electrode 
immersed in mixtures of a quinone and the corresponding hydroquinonc 
rapidly attains a definite potential which is a function of the concentrations 
of the two compounds and the hydrogen ion, no rex)rodu(‘eable potentials can 
be obtained with mixtures of dibenzoyl-ethylcne and dibenzoylethane. It 
would seem at first sight, therefore, as though it would be impossible to des- 
cribe quantitatively the conditions limiting the reduction of all those organic 
compounds which fall in the second class noted above. However, while no 
real oxidation-reduction potential of such irreversible systems can be formu- 
lated or measured, it is possible to characterize them with considerable pre- 
cision by determining the potential of the weakest reducing agent (i.e. the 
reducing agent of highest oxidation-reduction potential) which will cause 
reduction. Thus if a series of reducing agents of known potential arc available, 
it is a relatively simple matter to determine that dibenzoylethylene, for ex- 
aniplc, is not reduced by reagent A of potential +0.31 but is reduced by B of 
potential +0.24; some value within this range of +0.31 to +0.24 can be 
considered as the potential of the critical reducing agent which would just 
cause appreciable reduclion : the potential of sueh a hypothetical reducing 
agent we have called the “Apparent Beduction Potential’^ of the substance 
in question; in the case of dibenzoylethylene, the value of the apparent re- 
duction potential is -fo 27+0 03 volts. In previous papers^ from this Lab- 
oratory we have determined the apparent reduction potential of a variety of 
organic substances supplementing the usual inorganic reducing agents with 
certain hydroquinones and similar substances whose j)otential could be readih* 
measured. The accuracy of the method obviously depends primarily on hav- 
ing a series of reducing agents such that the potential of each member is only 
slightly less than that of the preceding member; with the reducing agents now 
available this can be satisfactorily realized within certain ranges and the ap- 
parent reduction potential determined within 0.03 of a volt. For compounds 
which are not reduced by reducing agents of potential +0.150, however, 
there are relatively few reagents available and the apparent reduction poten- 
tial is correspondingly uncertain. 

The actual experimental procedure is much simplified by using an electro- 
chemical device for determining whether or not a certain reducing agent reacts 
with the substance in question. This has been done by introducing the sub- 
stance into an equimolecular mixture of the reducing agent and its oxidized 
form (e.g. a quinone and the hydroquinone) and noting whether or not the 
potential of an inert electrode immersed in the mixture changes during a 
definite time (30 minutes, for example). A slight reaction between the re- 
ducing agent and the substance introduced will obviously cause a consider- 
able change in the ratio of the concentrations of the reducing agent and its 
oxidized form and a corresponding change in potential. With a great 

* Conant and Lutz: J. Am. Chem. Soc. 45 , 1047 (1923); 46 , 1295 (1924) 
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majority of the substances investigated there was a sharp distinction be- 
tween the reagent which was without action and the next in the series which 
caused reduction, since with the latter the reduction process proceeded at 
such a rate that it was practically complete in lo minutes or less. In a few 
instances where it was possible to use a closely graded series of reducing 
agents, ^^border line cases’^ were met which very nearly corresponded to 
the ‘'critical reducing agent^^ whose potential would represent the actual 
apparent reduction potential of the substance under investigation. In such 
border line cases the reduction proceeded at a relatively slow rate, while a re- 
ducing agent of slightly higher potential was without effect, and a reagent of 
slightly lower potential caused rapid reduction. 

Before discussing the probable mechanism of irreversible reduction and 
the relation of this problem to catalytic hydrogenation, it will be well to con- 
sider certain obvious limitations to the quantitative formulation just outlined. 
Since we are dealing with a reaction which runs to completion, the problem 
is one of rates of reaction and not of equilibria. The question may, therefore, 
well be raised as to how much significance can be attached to these apparent 
reduction potentials. Are these irreversible reductions governed primarily 
by the potential of the reducing agent? Does it necessarily follow that all 
reducing agents of potential less than a certain value will reduce the substance 
in question? May not the whole process be determined by specific properties 
of the reducing agents and not by their potential? The answer to these ques- 
tions is a matter of experiment and while the final verdict can not be rendered 
until all the conceivable cases have been examined, the evidence at present 
seems very clear. If one specifies the solvent, fin particular the hydrogen ion 
concentration), and the temperature and defines the term “appreciable re- 
duction“ as a few per cent reduction in 30 minutes, the results of experiments 
in this Laboratory with some 75 compounds of a half dozen types can be sum- 
marized in the statement, under definite experimental conditions the potential 
of the reducing agent employed determines whether or not appreciable reduction 
will take place in homogeneous solution. We have found no exception to this 
although the reducing agents employed have been as different as titanous 
chloride, leuco-indigosulfonate and sulfonated anthrahydroquinone. Experi- 
ments have been carried out in both aqueous solutions and solutions containing 
large amounts of acetone or in some cases of alcohol, the use of these organic 
solvents being necessary with substances insoluble in water. The few com- 
pounds which could be investigated in all three solvents (all about o. iN in 
HCl) were found to have essentially the same apparent reduction potentials 
in each solution. 

The effect of changes in hydrogen ion concentration (investigated in 
aqueous buffer solutions) need not be considered in detail in this paper but the 
results can be summarized by the statement that the concentration of the 
hydrogen ion affects the process of irreversible reduction in much the same 
way as it affects the reversible reduction of quinones and similar compounds. 
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The following table (taken from a previous paper) is of interest as showing 
the influence of structural changes on the apparent reduction potential; the 

O (3 

II 

series of compounds given below all contain the system— C — C = C— C" 
which is also present in many substances which are reversibly reduced, such 
as the quinones and indigo. These results were all obtained at 24®=b2°, and 
are, therefore, comparable with each other but not with the action of a reduc- 
ing agent at some higher or lower temperature. For example, undoubtedly 
at 100® a substance might be rapidly reduced by a reducing agent of potential 
higher than the apparent reduction potential det/ermined at 25®. The exact 
magnitude of this effect of increased temperature has not yet been ascertained. 

Table I 

Apparent Reduction Potentials 

Substanre Solvent App. Hod. Pot . 

(normal hydrogen 
olfrtrodc ~o) 


Dibenzoylethylene (cis and irans) 


A 

+0. 

27 

(± 

03) 

(J( HCX)(^,Hr>) 







Benzoylacrylic acid (CMdsCXXTI^ 

(’HCOOH) 

A 

+0 

c8 


. c6) 

Bcnzoylacrylic acid 


B 

4O 

c8 


. c6) 

Benzoylacrylic ester(CV,Hf,(X)(’H - 


A 

40 

c8 

(± 

c6) 

Maleic ester ((XHsOdC (TI = (TK' 

OOC'-Hi) 

A 

__ , 

25 

(±, 

. ic) 

Maleic acid 


A 

— , 

25 

(±. 

. 10) 

Maleic acid 


B 

— , 

25 


. IO> 


A=75^^ acetone, 2 aqueous hydrochloric acid; total acidity o. 2N. 

B — aqueous 0.2N HC'l. 

Low Temperature Catalytic Hydrogenation 

It will be noted from Table I that maleic acid has an apparent reduction 
potential of — o.25=to.io; it is instantaneously reduced by chromous 
chloride ( — 0.40) but is not affected by vanadous chloride (—0. 15) even after 
many hours; it is, however, reduced in dilute hydrochloric acid by hydrogen 
and colloidal platinum. 

The potential of the hydrogen-platinum combination is, obviously, that 
of the hydrogen electrode and in 0.2N hydrochloric acid is about — 05, a 
value considerably above the potential of vanadous chloride which is without 
effect. How is this to be explained? A similar problem was raised in an earlier 
paper^ in connection with the reduction of dimethylaciylic acid. Ihis com- 
pound is not reduced by chromous chloride but is readily hydrogenated by 
hydrogen and a catalyst in o . 2N hydrochloric acid at room temperature. We 
concluded from these previous experiments with dimelhylacrylic acid that 
the process of catalytic hydrogenation, unlike reductions brought about by 
soluble reducing agents, could not be formulated elect rochcmically and that 

' J. Am. Chem. See., 44 , 265 (1922) 
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probably a different mechanism was involved. We suggested that in the case 
of a reduction process caused by chromous chloride the addition of electrons 
and hydrogen ions was involved and in the case of catalytic hydrogenation the 
direct addition of activated hydrogen atoms. 

Bancroft^ in the Second Report of the Committee on Contact Catalysis 
has reviewed our earlier paper and has stated that the experiments as they 
stand are not convincing. He has suggested that it is important to determine 
whether or not colloidal platinum will catalyze a process of reduction involving 
a soluble reducing agent. The results of such an experiment with chromous 
chloride would, however, not be very significant since, as he points out, the 
catalyst will cause the evolution of hydrogen and reduction must take place 
unless some catalytic poison is present, as the system gaseous hydrogen + 
catalyst + dimethyl acrylic acid is known to give iso valerianic acid. A 
crucial experiment can be carried out, however, with a reducing agent which 
is not decomposed by colloidal platinum. 

An equimolecular mixture of anthrahydroquinone 2,7 disulfonate and 
anthraquinone 2,7 disulfonate has a potential in o.iN hydrochloric acid of 
+0.17; a platinum catalyst is without action on such a mixture. If now 
maleic acid is introduced into the mixture together with the platinum catalyst 
it is found that no reduction takes place. That the catalyst is not poisoned 
can be shown by carrying out the usual process of catalytic hydrogenation 
with the same solution at the conclusion of the experiment. Similar results 
were obtained with dimethyl acrylic acid. The experimental details are given 
below. 

In a glass cell of 350 cc. capacity equipped with a stirrer, electrodes, gas 
inlet and outlet tubes, and connected to a saturated calomel electrode with a 
saturated KC\ bridge, there were placed 100 cc. of vanadous chloride solution, 
100 cc. of o iN hydrochloric acid, and 10 cc. of a solution of colloidal platinum. 
The apparatus was swept out with nitrogen and a solution of anthraquinone 
2,7 disulfonate in o.iN hydrochloric acid was added in such amounts (20 cc. 
of a 0.05 M solution) that an approximately equimolecular mixture of the 
anthraciuinone and anthrahydroquinone sulfonates resulted; the amount of 
vanadous chloride being sufficient to reduce only half the added anthraquinone 
sulfonate. The potential of the bright and platinized electrodes immersed in 
this mixture were constant for half an hour at +0.184 (on the hydrogen 
scale) ; 20 cc. of a o.iM solution of dimethyl acrylic acid in o.iM hydrochloric 
acid was now introduced and the potential of the cell noted over a period of 
half an hour. There was a change of 2 millivolts in the direction opposite 
to that which would have been caused by any reduction. If any reduction 
had occurred there would have been a change of at least 20 millivolts as dem- 
onstrated by many experiments in this Laboratory in connection with the 
determination of apparent reduction jwtentials. To test whether the catalyst 
was still active, a quarter of the mixture was shaken with hydrogen in the 
UvSual manner after the completion of the above experiment. In the course of 


‘ J. Phys. Chem. 27 , 801 (1923). 
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half an hour lo cc. of hydrogen was absorbed and a decided odor of isovalerian- 
ic acid resulted. To another portion 0.25 g. of dimethyl acrylic acid was added 
and the mixture shaken with hydrogen; after an hour 40 cc. of hydrogen had 
been absorbed (theor. am’t 58 cc.) and a strong odor of isovalerianic acid was 
apparent. The catalyst used in this experiment was prepared by the re- 
duction of 3 cc. of a 10% solution of chlorplatinic acid mixed with 7 cc. of 1 % 
gum arabic solution by shaking with hydrogen with one drop of '^seeding 
solution^' prepared in the usual manner.' 

The experiments with maleic acid were performed exactly as above except 
that in place of the colloidal platinum solution, a suspension of o i g. of a 
platinum catalyst prepared according to Adams’ directions- was employed, 
the platinum oxide being reduced to the active state by shaking with hydrogen 
before the catalyst was used. After the electrode potential had been constant 
for 15 minutes at +0. 130, 20 cc. of a o. iM maleic acid solution was added. 
A change of only one millivolt was noted during the next 30 minutes. To 
test the catalyst, 0.5 g. of maleic acid was added to 50 cc. of the solution and 
the mixture shaken with hydrogen. After 90 minutes, t 60 cc. of hydrogen had 
been absorbenl (theor. = 120 cc.), the solution was filtered and extracted three 
times with ether, and the ether layer on evaporation yielded 0.35 g. of succinic 
acid. 

If the process of catalytic hydrogenation is similar to reduction by soluble 
reducing agents then the catalyst must function not only to make gaseous 
hydrogen an effective eUictrochemical reducing agent at room temperature, 
but also to alter in some way the maleic acid or dimethyl acrylic acid so that 
it is reduced at a much higher potential than otherwise is the case. In other 
words, if an electrochemical account of (‘atalytic hydrogenation is to be form- 
ulated, we must assume that the apparent reduction potential of maleic acid 
is much higher (above —0,05) in the presence of a platinum catalyst than in 
its absence. That some catalyst having such an* effect might be found is 
entirely to be expected; in fact it is readily conceivable that in the presence 
of the proper catalyst the system maleic acid-succinic acid might be as mobile 
as the quinone — hydroquinone S5’'stem. If this is the effect of the platinum 
catalyst, it should function equally well with other reducing agents (providing 
it is not “poisoned” which can be determined experimentally). However, 
the experiments given above show conclusively that platinum docs not cause 
the reduction of either maleic or dimethyl acrjdic acid by a reducing agent 
having a potential only slightly above that of hydrogen itself. 

It might be objected that the difference in potential between the reducing 
agent chosen (-t-0.17) and hydrogen ( — 0.05) was sufficient to vitiate any 
conclusions; it is possible that the energy relationships in the system maleic 
acid, hydrogen and succinic acid correspond to a true oxidation-reduction 
potential between these values, for example +0.05. If this were the case, 
howevfer, and an electrochemical explanation of catalytic hydrogenation 

' Skita: Ber. 45 , 3589 (1912) 

^ Adams and Vorhees: J. Am. Chem. Soe. 44 , 1397 (1922) 
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correct, an oxidizing agent such as ferric chloride (+0.8) should oxidize suc- 
cinic acid to maleic acid in the presence of platinum and isovalerianic acid to 
dimethyl acrylic acid. Such reactions do not proceed as the following experi- 
ments show. 

The apparatus used was identical with that described above. A o.oi 
solution of ferric chloride in o. tM hydrochloric acid (250 cc.) was introduced 
into the cell together with 7 . 5 cc. of a colloidal platinum solution prepared in 
the usual manner. After the potential had been constant for 30 minutes at 
+0.838, 7 . 5 cc. of a o. iM succinic acid solution was added and a potential 
change of only 3 millivolts occurred during the half ho\ir. In another experi- 
ment with Adams^ catalyst the same results were obtained. Similarly when 
a solution of isovalerianic acid was introduced in another experiment, the 
potential was constant within a millivolt for 30 minutes. To illustrate the 
effect on the potential of any action between the ferric chloride and the sub- 
stance introduced, the following experiment maj^ be mentioned. To 250 cc. 
of o.iM ferric chloride and catalyst as above, 7.5 cc. of o.iM solution of hydro- 
quinone was added. The potential fell from +0.833 to +0.666 within ten 
seconds after the addition of the hydroquinone. That the ferric chloride had 
not poisoned the catalyst in the above experiment was demonstrated in each 
case by taking 30 cc. of the solution after the experiment, adding 0.5 g. of 
dimethylacrylic acid and shaking with hydrogen; in each case 120 to 160 cc. 
of hydrogen was absorbed in 90 minutes. (Theor. *=120 cc.) In the experi- 
ment with Adams' catalyst, ferric chloride and succinic acid, the efficiency of 
the catalyst was proved by the addition of 0.5 g. of maleic acid; after 60 
minutes, 125 cc. of hydrogen was absorbed and 0.25 g. of succinic acid was 
obtained by extraction with ether. 

To recapitulate, if the process of catalytic hydrogenation (in solution at 
room temperature) is to be interpreted in the same terms as the process of 
reduction by soluble reducing agents, it must be assumed that the catalyst 
markedly changes the apparent reduction potential of the system. Experi- 
ments with a reducing agent almost as powerful as hydrogen show that this 
is not the case; the possibility of poisoning of the catalyst being excluded by 
experiment. The fact that the catalyst does not promote the oxidation of the 
reduced compound by an oxidizing agent of potential 0.8 volt above hydrogen 
clearly shows that the platinum is not a catalyst which has converted an 
irreversible system into a mobile reversible one. Our previous statement 
that ''the process of catalytic hydrogenation can not be successfully formu- 
lated in terms of oxidation-reduction potentials" seems to represent accurately 
the facts and to place the process of catalytic hydrogenation in strong con- 
trast to processes of irreversible reduction brought about by soluble reducing 
agents. 

It is hardly necessary to add the qualification that we are discussing the 
catalytic hydrogenation of substances whose reduction products are mt in 
mobile equilibrium with the oxidized form and a reducing agent. The action 
of hydrogen and platinum on substances of the first class enumerated at the 
beginning of this article, such as quinone, is, of course, a strictly reversible 
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process and will proceed to an equilibrium point dependins; on the reduction 
potential of the organic system and the potential of the hydrogen electrode. 
The final position of equilibrium in such a mobile system must be in accord 
with an electrochemical formulation irrespective of whether the hydrogen- 
platinum combination acts in the same way as titanous chloride, for example, 
or in some entirely different manner. The mechanism of such relatively rare 
examples of catalytic hydrogenation can not be deduced, therefore, from elec- 
trochemical considerations. 


The Mechanism of Irreversible Reduction and Catalytic 
Hydrogenation 

The sharp contrast between the action of hydrogen and a platinum cata- 
lyst on maleic acid and the action of vanadous and chromous salts on the same 
substance points to a totally different mechanism for the two ways of irrever- 
sibly adding hydrogen atoms to the double linkage. Let us first consider, in 
some detail, the irreversible reduction of maleic acid and see if any reasonable 
mechanism can be suggested which would account for the observed facts. 
In the following discussion wo shall make a number of more or less probable 
assumptions in regard to the numerical value of certain equilibrium constants 
and rates of reaction in order to outline a more definite picture than could be 
formulatc'd in merely qualitative terms; we do not, of course, pretend that 
such an arbitrary procedure leads to any conclusions of cjuantitative signifi- 
cance but hope that it may suggest at least a possible explanation of the differ 
ence between reversible and irreversible systems. Lacking information in 
regard to the free energy change involved in the formation of succinic acid 
from maleic acid and hydrogen, w^e sliall use the value 38 Cal. which is the 
total energy change from calorimetric measurements; this assumption that 
the total and free energy change are equal is probably not greatly in error. 

It may be supposed that the action of a soluble reducing agent on maleic 
acid is .similar to the reduction of quinone and that the first step is the addition 
of two hydrogen atoms to the oxygen atoms at the ends of the doubly conju- 
gated system. This di-enol form of succinic acid (B in the equation below) 
would be very unstable and WT)uld rearrange to give succinic acid, and the 
mechanism of the reduction would be as showm below’^: 




CH-~C-~OH 


/on 

:CH = C-OH 


/OH 
CH-C-OH 


/'O 

CHjC-OH 

/O 

CH2C-OH 


(A) 


fast — ► 


(i) (B) ( 2 ) (C) 

relatively slow — ► 


If it be assumed that the addition or removal of hydrogen atoms to com- 

a 

0 O 

II II 

pounds containing the system — C— C = C— C— by means of sof w5te redwemj/ 
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or oxidizing agents proceeds only through some intermediate compound such 
as the di-enol form (or its ions), the difference between quinone and maleic 
acid is readily explained. This difference is to be found in the fact that with 
hydroquinone the di-enol form is stable while with succinic acid it is highly 
unstable. In other words, the free energy of the first step of the scheme out- 
lined above (A:fi±B) is practically equal to the free energy of the entire proc- 
ess in the case of quinone, while with maleic acid it is very much less than 
that of the total free energy change and may be of the opposite sign. For 
example, if the enolization constant^ of a single enol group were the free 
energy of the change of the di-enol form of maleic acid to succinic acid (2 enol 
groups involved) would be i.364Xlogio""^ = 6o Cal. at 25®; in this case the free 
energy change of the system maleic acid, hydrogen, di-enol form of succinic 
acid, would be 38 — 60=* — 22 Cal. which corresponds to a potential (on the 
hydrogen scale) of —0.5 volt. Under such circumstances the action of a 
reducing agent of potential — o . 30 in a solution normal with respect to hydro- 
gen ions would cause the formation of only 10“^ moles of di-enol from i mol 
of maleic acid since the difference in potential between the reducing agent 
and the potential of the system ( — o . 5) is equal to . 0295 log [di-enol] when the 
amount of di-enol formed is very small. The action of a more powerful re- 
ducing agent of potential —0.38 would form 10“^ mols. This equilibrium 
condition first attained would be continually upset by the rearrangement 
of the di-enol form into succinic acid, the concentration of the di-enol, however, 
would remain practically constant, more being very rapidly formed by the 
action of the reducing agent. The rate of this rearrangement and the amount 
of di-enol formed by the reducing agent in question would determine whether 
or not ^'appreciable reduction” occurred. Let us see how rapidly such keton- 
ization would have to proceed in order to have 1% of the maleic acid reduced 
in 16 to 17 minutes (10® seconds) by a reducing agent of potential —0.30 
volts on the one hand and a reducing agent of —0.38 volts potential on the 
other. If we start with one liter of molar maleic acid solution, this reduction 
corresponds to the formation of 10“^ moles in 1000 seconds or moles per 
second; the di-enol form must rearrange at this rate which will be practically 
uniform since this is a rather unusual instance of a monomolecular reaction 
fed by a much more rapid reversible reaction. With the reducing agent of 
potential —0.30, the amount of di-enol in equilibrium is only lo""’ moles and 
in order for moles of this to rearrange each second it is obvious that the 
rate of this monomolecular isomerization must be such that one-half of the 
equilibrium amount (0.5X10'^; will rearrange in 5X10^^ seconds. On the 
other hand, with a reagent of potential —0.38 since there are 10“"* moles in 
equilibrium the rate of rearrangement would only have to be such that half 
the material ketonized in 5 seconds. The actual rate of ketonization of the 

^ The value for the enolization has been assumed quite arbitrarily in order to 
demonstrate the influence of this factor. Some such very small value probably is somewhere 
near the truth since the a hydrogen atom in acids is much less active than in ketones where 
the value is too small to be measured. 
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enol form of acetoacetic ester as measured by Meyer^ in aqueous solution 
corresponds to half isomerization in 6 seconds. However, as this rate would 
undoubtedly be faster in the presence of acids, not too much significance can 
be attached to a comparison between it and the rates just calculated, but it 
indicates the order of magnitude of such speeds of ketonization as have been 
observed. 

Since the ratio of the speeds of the enolization and ketonization are equal 
to the equilibrium constant of the change from succinic acid to the di-enol 
form which we have assumed to be very small, one can postulate either a very 
high speed of ketonization or a very low speed of enolization. We are inclined 
to believe that the magnitude of the rate of ketonization is not very different 
from that observed with such substances as acetoacetic ester and that the 
rate of enolization is correspondingly small. This would account for the fact 
that oxidizing agents which readily oxidize hydroquinones arc without ap- 
preciable effect on succinic acid, for if these oxidizing agents are only effective 
in removing hydrogen atoms from enolic and phenolic substances the process 
could proceed no faster than this very slow enolization. If k]/k2= and 
k2 corresponded to the ketonization rates given above, it is evident that any 
process that must proceed through the enol form would not be appreciable 
in a life time. Thus, if one men^ly assumes that soluble oxidizing and reducing 
agents of the type of ferric^ chloride and chromous chloride can not directly 
remove or add hydrogen atoms to the carbon linkage but only to the oxygen 
atoms at the ends of the doubly conjugated system, one arrives at a satis- 
factory explanation of the reversible reduction of quinones on the one hand 
and the irreversible reduction of maleic acid on the other. The fact that no 
case appears to be on record of the reduction of an ethylene hydro(;arbon by a 
soluble reducing agent is in harmony with the assumption underlying the 
mechanism just proposed. It is true that acetylene is reduced to ethylene 
by chromous chloride but this may be due to peculiarities inherent in the 
triple linkage. 

Ethylene hydrocarlxins are readily hydrogenated catalytically and there 
is every reason to believe that the hydrogenation of the double linkage in 
maleic acid proceeds in a similar manner. From our point of view, the cata- 
lyst activates the gaseous hydrogen and adds hydrogen atoms directly to the 
ethylene linkage in contrast to chromous chloride which adds hydrogen only 
to the oxygen atoms at the end of the conjugated system. From the difference 
in the two mechanisms arise the differences between irreversible reduction 
and catalytic hydrogenation which we have considered in this and our earlier 
paper. 

If one now seeks for the reason why soluble reducing agents and oxidizing 
agents are only effective in their action on organic substances containing cer- 
tain linkages, the answer must be found in the mechanism underlying the 
oxidation and reduction of these reagents themselves. While the electro- 
chemical equations for reversible oxidation and reduction can be derived 


* Aim. 380 , 235 (1911). 
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either from the concept of hydrogen in equflibrium with the reagents or in 
terms of electron transfer, the most satisfactory picture of these reversible 
changes seem to be arrived at from the latter point of view. The tremendously 
small hydrogen pressures which must be postulated and the fact that satis- 
factory oxidation-reduction potentials can be measured with electrodes' 
which will not function as hydrogen electrodes, are arguments against the 
concept of an oxidation-reduction electrode as a low pressure hydrogen elec- 
trode. The fact that satisfactory potentials of mixtures of ferrous and ferric 
salts can be measured in anhydrous pyridin® seems convincing proof that a 
direct interchange of electrons between the ions is the essential feature of many 
cases of oxidation and reduction in inorganic chemistry. If the action of 
chromous chloride® on ferric chloride, for example, is thus merely the transfer 
of an electron from the chromous to the ferric ion, there is every reason to 
believe that a similar mechanism takes place when chromous chloride reduces 
an organic compound. In the cases which we are considering, however, the 
resulting negatively-charged organic molecule can not exist by itself in aqueous 
acid Solution but combines with hydrogen ions and becomes an electrically 
neutral molecule. It is an interesting problem whether this addition of two 
electrons and two hydrogen ions takes place in the order just mentioned or in 
the reverse order or simultaneously; no evidence appears now available which 
would enable one to distinguish between these three possibilities. The change 
may be represented as: 

A -f 

From our point of view, the reduction of an organic compound in homo- 
geneous solution, whether reversible or irreversible, is primarily a process of 
electron transfer usually accompanied by the capture of hydrogen ions by the 
organic molecule,** It is very tempting to speculate as to why this electron 
transfer takes place with certain types of compounds and not with others but 
until we have completed our study of the reversible and irreversible reduction 
of a wide variety of substances, we prefer not to hazard an explanation of this 
fundamental question. There has been a tendency in recent years to repre- 
sent all processes of oxidation and reduction as essentially electronic but this 
seems to us a rash and unwise generalization which greatly endangers the 
fruitfulness of the modern electrochemical conception of oxidation and reduc- 
tion. As we have attempted to bring out in this discussion of irreversible 
reduction and catalytic hydrogenation, there are certain processes involving 
the gain or loss of hydrogen atoms (or their equivalents) which can be suc- 
cessfully formulated in terms of electron transfer and at least one other which 

‘ L. P. Hammett: J. Am. Chem. Soc, 46 , 7 (1924). 

* Z. Elektrochem. 15 , 264 (1909). 

* F. Foerster: ‘‘Elektroehemie wasseriger Losungen,” pp. 211-212, 

* As pointed out in another paper from this Laboratory ( J. Am. Chem. Soc. 2480 
(1922) in certain cases of reversible reduction where the reduced compound forms a di8<^um 
salt, the actual reduction product formed in alkaline solution is a negatively charged ion; 
no hydrc^en is apparantly involved in the reduction. However, smce tms represents a 
final equilibrium condition, no conclusions can be drawn from such facts in regard to the 
mechanism by which this equilibrium is reached. 
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can not. Whether any given process is to be formulated in electrochemical 
terms is a problem to be settled by experiment and not by purely theoretical 
argument. 

In this paper we have confined out attention to the irreversible reduction 
of one particular type of substance in order to examine the difference between 
this process and catalytic hydrogenation. An extension of this general point 
of view to other types of irreversible reduction and also to cases of irreversible 
oxidation will be reserved for a later paper. The number of examples of such 
irreversible processes of reduction and oxidation is very great not only in or- 
ganic but also in inorganic chemistry. The familiar fact that sulfurous acid 
or sulfites may be oxidized to sulfuric acid or sulfates but that these can not 
be reduced in aqueous solution is a striking example of an irreversible oxida- 
tion. It should be possible to characterize such processes by determining 
their “apparent oxidation potential” much as we have measured the apparent 
reduction potential of a variety of organic compounds, and we are now ex- 
amining the oxidation of aminophenols, and lienzoin from this point of 
view. If our electrochemical interpretation of such irrevresible reductions 
and oxidations is correct, there must, in every instance, be a relatively fast 
reaction involving electron transfer followed by an essentially irreversible 
process leading to the final product. In reversible processes the oxidized form 
can rapidly give up electrons and the reduced fonn rapidly acquire them 
whereas in the cases of irreversible oxidation or reduction only one of these 
steps takes place at an appreciable rate. A more precise formulation of the 
mechanism of each type of irreversible oxidation or reduction must aw'ait 
further experimentation. 



THE JOULE-THOMSON EFFECT FOR HELIUM* 


BY JOHN H. PERRY 


The purpose of this paper is to give the results of some calculations of the 
Joule-Thomson coefficients of helium. These computations are based upon 
an equation of state of the Keyes type.^ 

This form of the equation of state has been tested by comparing the delta 
term (which corresponds to van der Waals “b”), and the cohesive pressure 
term A/(V+ 1 )^ (which corresponds to van der Waals (A/v^), separately at 
high pressures and a considerable range of temperature. This type of equa- 
tion of state has been tested very carefully by physical mensurements for a 
considerable number of substances by Dr. F. G. Keyes and co-workers, with 
very good success. 

In order to give a survey of the degree of exactness with which this tenta- 
tive equation of state for helium accords with measurements, there is presented 
in the following tables, a comparison of calculated values with the data ol>- 
served by: Table I, H. Kammerlingh Onnes, (2) Proc. Koninklijke Akade- 
mie van Wetenschappen Amsterdam, Vol. 10, page 445; Table II, Holborn 
and Schultze: Ann. Physik., Vol. 47 , page mo; and Table III, Holburn and 
Otto; Zeit. physik., 10; page 372. 


The Keyes type of equation of state: 



A 


has been dis- 


cussed considerably in the literature.^ Further discussion in this paper would 
be superfluous. Let it be suflScient to emphasize here that in the case of a 
polyatomic substance delta is an inverse function of the volume, but for 
monatomic molecules delta is a constant. 


The equation of state® for helium is: 

20-53 3^85 

V~3-i7 (V+6.85)2 

The dimensions of the quantities involved in this equation will, in this paper,, 
be: 

P = pressure, in atmospheres of 76 cm. of mercury 
v = volume, in cubic centimeters per gram. 

T = absolute temperature on the centigrade scale; the ice point is taken 
to be 273 . 14 degrees Kelvin. 


^Published by permission of the Director, U. S. Bureau of Mines. 

'Keyes: Proc. Nat. Acad. Sci. 3,323 (1917); Keyes and Felsing: J. Am. Chem 
Soc. 41, 589 (1919); Keyes: J. Am. Chem. 8oc. 42, 54 (1920); Phillips: J. Math, and Phys. 
Mass. Inst. Tech. 1, 42 (1921); Proc, Nat. Acad. Sci., 7, 172 (1921)* Keyes: J. Am.. 
Chem. Soc. 43, 1452 (1921); Keyes, Smith and Joubert; J. Math, and Phys. Mass. Inst. 
Tech. 1, 95 (1922); Taylor and Smith: J. Am. Chem. Soc., 45, 2108 (1923). 

* Keyes: loc. eit. 

* Private communication from Dr. F. G. Keyes. 
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Table I 



T 

Volume 

Pressure (atms) 



cc/gm. 

Calc’d 

Observed 

+100.35 

373-49 

182 . 608 

42 . 640 

42.574 



143.362 

54.549 

54-459 



117.763 

66 . 702 

66.590 

+ 20.00 

293.14 

221 . 130 

27 548 

27-539 



168.308 

36.336 

36.303 



114.694 

53-741 

53 - 708 

00.00 

273-14 

213-343 

26.613 

26.634 



148 . 007 

38.590 

38.565 



114.360 

50.209 

50. 240 

-103.57 

169.57 

17 1 923 

20.527 

20.580 



T 4.7 387 

24.001 

24.100 



122.120 

29.069 

29 185 



107. 179 

218 

33.383 

— 182.75 

90.39 

137.607 

13-637 

13-751 



118. 590 

1 5 . 869 

16.019 



104 833 

1 7 . 990 

18. 169 

—216.56 

S6.58 

123 .826 

9.445 

9.564 



112.975 

10.350 

10. 502 



104 47.^ 

II . 201 

I I . 448 



Table 11 


Pressure 

T°C 

tor 

Vol cc/ffn 

C)b.<(M‘ve(.l 

Calc’d 





equation of state 

100 

37314 

i 56 . 499 

49 830 

49.838 

100 

37314 

156.721 

49.759 

49 766 

100 

373 14 

390.665 

19.745 

19.748 

100 

37314 

392.683 

19.643 

I 9 . 646 

SO 

323 -M 

144.699 

46.7316 

46.731 

50 

323-14 

145.967 

46.326 

46.317 

SO 

323-14 

264.872 

25-305 

25-305 

SO 

323-14 

265.97.^ 

25.207 

25-199 

0 

273-14 

114. 100 

50.432 

50.325 

0 

273-14 

115.680 

49.729 

49.622 

0 

273-14 

224.013 

25.363 

25.330 

0 

273 *H 

224.563 

25*301 

25 . .267 
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Table III 

Volume 

Pressure (atms) 


“K 

cc/gm 

Observed 

Calc’d eq. of state 

o 

27314 

4263 . 6 

1. 315 

1.316 

o 

27314 

42g.oo3 

13.157 

13-151 

o 

27314 

215.994 

26.315 

26.282 

o 

273 14 

144.962 

39-473 

39 - 405 

0 

27314 

109.468 

52-631 

52.510 

0 

27314 

86. 171 

65.782 

65 . 608 

0 

273 14 

73-974 

78.947 

78 . 696 

o 

273 14 

63.826 

92.105 

91.791 

o 

273 14 

56.221 

105.263 

104.875 

50 

32314 

S043 • 41 

1-315 

1.316 

SO 

323.14 

506 . 985 

13-157 

13-155 

50 

323.14 

234-963 

26.315 

26.299 

SO 

323.14 

170-956 

39-473 

39.435 

50 

323.14 

128.942 

52-631 

52.568 

50 

323.14 

103 . 742 

65.789 

65-695 

50 

323.14 

86 . 942 

78-947 

78.818 

50 

323.14 

74-942 

92-105 

91.941 

50 

323.14 

65.942 

105.263 

105.065 

lOO 

373.14 

5823.225 

1-315 

1.316 

lOO 

373.14 

584-923 

13-157 

13-158 

ICO 

373.14 

293 . 890 

26.315 

26.314 

lOO 

373.14 

196.744 

39-473 

39-495 

lOO 

373.14 

148.395 

52.631 

52.613 

lOO 

373.14 

119.287 

65-789 

65.766 

lOO 

373.14 

99-845 

78 . 947 

78.051 

lOO 

373.14 

86.027 

92.105 

92.074 

lOO 

373.14 

75-636 

105.263 

105.229 


Having shown that the calculated and observed values for helium are 
comparable over a considerable range of pressure and temperature, it has been 
found interesting to calculate the Joule-Kelvin coefficients. 

The Joule-Kelvin effect can be readily derived if we consider a given mass 
of gas in its first condition and in its final condition. The condition under 
which this effect is taking place is that the change in the function (U+pv) 
should be zero, i.e., d (U+pv)— O. We can write (u+pv) as a function of 
pressure and temperature and we then obtain: 



JOULE-THOMSON EFFECT 


nil 




CpdT = - 





but 




. Cp dT = 




dp 


Cancelling and collecting terms: 



where H is the 
function (U+pv) and 
H is the Joule-Thomson 
coefficient. 


The value of the difTerential 



becomes, from the equation of state: 



R/v—6 

RT 2A 

(v — 6)^ (v+1)* 


which becomes for helium : = — 


20 



20. 53T 6570 

(v~3- 17)“ (v+6.85)® 


and the value of fi, the Joule-Thomson coefficient becomes equal to: 


20^53 T 
v~3i7 

20.53 T 6570 

(v — 3.17)^ (v+b.S^)^ 

Cp 


The value for the specific heat at constant pressure has been taken as 
1 . 2662 calories per gram per degree, from the results of Eucken^ and Eggert^. 
This value of the specific heat when converted into the proper units, is equal 
to 52 . 2814 cc-atmospheres per degree per gram. 

The equation of state for helium begins to deviate from the observed 
values below 25 degrees Kelvin and for that reason the values for /x at that 
temperature have not been included. 

The following, Table II, gives a r 6 sum 4 of the calculations: 


* Eucken: Verb, deutsch. physik. Ges. 18 , pp. 8-9 (1916). 

* Eggert: Ann. physik. 44 , 643-56. 
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Table II 
M 


T 


Pressure 

(atms) 



‘^Kelvin 

i 

5 

25 

50 

100 

50 

+ .059 

+ • 0482 

+ . 0065 

— .0226 


75 

+ .0188 

+ .0144 

— . 0069 

-.0245 


100 

-.0003 

-.0033 

-.0163 

— .0280 

— .0418 

150 

~ . 0203 

— .0216 

— .0280 

-,0342 

— . 0428 

200 

-.0304 

-0313 

-.0348 

-.0387 

-•0445 

300 

— . 0446 

-.0407 

-.0419 

-.0444 

-•0475 


The inversion temperature is defined as that temperature at which the 
Joule-Thomson effect changes sign, that is, where /x is equal to zero. The 
inversion temperature for heliiun at one atmosphere is very slightly below 
100° Kelvin. As is evident from an inspection of the data above, the inversion 
temperature decreases as the pressure increases. 

Summary 

1 . An equation of state, of the Keyes type, for helium is used in comparing 
calculated values with the observed data from three different soimces. Very 
good agreement is obtained throughout a temperature range of 5o°K to 
375°K and for pressures up to los atmospheres. 

2. Joule-Thomson coefficients for the five isobars: i — 5 — 25 — 50 — 100 
atmospheres have been calculated. The inversion temperature for helium at 
one atmosphere has been determined to be slightly less than ioo°K. 



THE IONIZATION OF STRONG ELECTROLYTES* 


BY WORTH H. RODEBUSH 

In a recent paper' the condition of highly polar substances in solution wa® 
discussed, and it was pointed out that this condition was in general quite 
different from the state which has usually been pictured for a salt that is com- 
pletely ionized. It was predicted that the greatest departure from a state 
where the ions are actually free would be found at concentrations in the neigh- 
borhood of molal. This prediction has received a striking confirmation in 
the work of Lewis and RandalP who have found a minimum to exist in the 
activity of the strong electrolytes in the neighborhood of molal concentrations, 
and that the activity coefficient rises to very high values in concentrated 
solutions. 

The case of the very dilute solution still offers an opportunity for some 
very interesting observations. It is probable that no such thing as a complete- 
ly polar electrolyte exists just as there are no perfect gases, but helium is very 
nearly a perfect gas and potassium chlorid must be very nearly a completely 
polar substance, and as in the (jase of the gas laws, we shall find it profitable 
to discuss the ideal ease. 

A completely polar salt when in dilute solution would then be completely 
ionized in the sense that none or comparatively few of the positive and nega- 
tive ions would be joined together in the position and orientation of the crystal 
lattice. That molecules of sodium chlorid exist in solution in a manner analog- 
ous to molecules in sodium chlorid vapor seems very doubtful. Recent cal- 
culations by Latimer* show that a molecule of sodium chlorid in the vapor 
state is much more likely to dissociate into sodium and chlorine atoms than it 
is into the ions. The case is certainly far different in solution and analogies 
between solution and vapor are rather far fetched. 

It has l)een generally recognized that ions are hydrated in solution but it 
has not been recognized to what an extent this must be true. There is no 
reason to suppose that a salt like potassium chlorid would dissolve at all were 
it not that the water molecules possess the pow er of neutralizing the electrical 
fields surrounding the potassium and chlorine ions. It seems probaV>le that 
all ions are surrounded in solution by an envelope of water molecules. In the 
case of the chlorine ion with a negative charge and an outer shell of negative 
electrons the water molecules would be oriented with the hydrogens attached 
to the chlorine. In the case of the potassium ion the positive charge of the 
ion would counteract the negative external electron shell and the orientation 
of the water molecules would be problematical. Ci^ertainly they would l)e 

■"Contribution from the Chemical Laboratory of the University of Illinois. 

1 Latimer and Rodebush: J. Am. Chem. Soc. 42 , 1419 (1920). 

*Ijewis and Randall: J. Am. Chem. Soc. 43 , 1125, ( 1921 ). 

» Latimer: J. Am. Chem. Soc. 45, 2803 (1923). 
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held more loosely and this agrees with the common conception that potassium 
is one of the least hydrated ions. This solvation of the ions would tend to 
cause a positive deviation from Raoult's law since the amount of free solvent 
would be actually less than the calculated amount. At o.oi molal this effect 
would be negligible and since the ions are enveloped in water molecules, the 
solute now resembles the solvent and we have a condition where we should 
expect Raoult^s law to hold were it not for the electrical forces. These are far 
from negligible. In a o.oi molal solution of potassium chlorid on the assump- 
tion of regular distribution the average distance between ions is of the order 
cms. The force exerted by one ion upon another at this distance is given 
by Coulombs law 


6162 
* kr* 


' 10*"* dynes 


which is about the same force as would be exerted by a potential drop of 600 
volts per cm. in vacuo. The applied potential is obviously not likely to affect 
the degree of ionization of an electrolyte appreciably. 

Since a system tends to take on a configuration of minimum potential 
energy the ions will not be arranged in a regular distribution but there will be 
a tendency for ions of unlike sign to approach each other. Opposed to this 
will be the effect of the, thermal agitation of the molecules. 

The problem of the distribution of the ions in a dilute solution is therefore 
a statistical one and attempts have been made by a number of investigators to 
solve it. Milner^ approached the problem from a rigorous mathematical basis 
but he was not able to obtain a complete and satisfactory solution. The chief 
fault in Ghosh^s work* was his failure to postulate a consistent clear picture 
of the actual distribution of the ions in solution. The first apparently suc- 
cessful attempt in this direction has been made by Debye® who, by a straight 
forward application of the theory of electrostatic potential together with the 
Maxwell-Boltzman distribution law, has arrived at an expression for the free 
energy of a completely polar electrolyte in solution. Debye has derived a 
general expression for solutions of any concentration but the effective diam- 
eters of the ions enter into the expression in all except very dilute solutions 
where the diameter of the ions may be neglected. Since we have no data for 
the effective diameter of any ion, we can only hope to verify Debye^s expres- 
sion in dilute solution. The expression obtained by Debye for the partial 
molal free energy of a completely polar electrolyte in dilute solution is 

Fg Si;, RT In m ^ D^^*(kT)*'^*V (^) 

Here m is the stoichometric molality, No is Avogadro^s number, € is the 
charge of the electron, D is the dielectric constant of the solvent, Vo is the vol- 
ume of the solution, (1000 cc) C is a constant and kThas its usual significance. 
Suj; is the number of ions per molecule and SuiZ,® is the sum of the products 


' Milner: Phil. Mag. 25 , 742 (TQ13). 

* Ghosh: J. Ohem. 80c., 113 , 790 (1918). 

® Debye and Hiickel: Physik. Z, 24 , 185 (1923). 
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of the number of each kind of ion per molecule multiplied by the square of its 
charge, and is directly proportional to the quantity Lewis has termed the ionic 
strength. 

The second term in the equation above would give the free energy of an 
ideal solute and the third term shows that the free energy of an electrolyte in 
dilute solution is always less than that for an ideal solute. It is seen that even 
in the most dilute solution that we can study, the attraction between ions 
causes a negative deviation from Raoult’s law. 

While it appears doubtful if Debye^s calculations can give us a very exact 
account of irreversible phenomena such as conductivity, they should be cap- 
able of withstanding a rigorous check against activity measurements in dilute 
solution. On account of the errors entering into activity measurements in 
dilute solution we can not put too much dependence in the data for any indi- 
vidual salt. Fortunately we do not need to. G. N. Lewis with Linhart and 
Randall has obtained from a careful scrutiny of all available data, two em- 
pirical generalizations regarding the activity of strong electrolytes in dilute 
solution. If we can derive these empirical rules from Debye’s theory then we 
shall have the most rigorous experimental check of Debye’s theory possible. 

The first of these rules is the freezing point law of Lewis and Linhart^ 
which may be written 


0 

1 . 862c, m 


= I— /9m" 


( 2 ) 


Here 0 is the actual freezing point lowering of a solution of molality m, and 
a and jS are constants. 

Let us see to what form of freezing point equation the Debye expression 
will lead. 

From thermodynamics we have the fundamental ^equation for aqueous 
solutions. 

«0 ^ mT ( 3 ) 

8m 55 \8ni/ 


Substituting the value from (i) of 


6F, 

8m 


50 _ 

mT 

Si»,RT 


8m 

SS • sAHf. 

m 

6 J 


Integrating with respect to a0 and am and rearranging, we have for very 
dilute solutions 

e _ S NoV(4y)*''‘' is) 

'i.86Suim gSui (DRT)^^* V*/* 

or 



1 862 Vi m 


^ Lewis and Linhart: J. Am. Chem. Soe. 41 , 1951 (1919)* 
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This is exactly the Lewis-Linhart equation. It remains to compare the values 
of the constants. The value for a from the Debye expression is, of course, 
for all types of electrol3rtes. Upon substituting the values of the constants 
in the last term of equation (5) we obtain^ 


/8 = o .205 


2 ui 


(7) 


as the general expression for / 3 . For uni-univalent electrolytes, we obtain 

/8 = 0.290 a =0.500 

While Lewis and Randall obtained for potassium and sodium chlorides 

^ = 0.329 a = o.535 

For other types of electrolytes, we have the following comparison. 


uni-bivalent 

Bi-bivalent 


Calculated 

0 

I . 00 o . 500 
2.32 0.500 


Experimental 

/3 

0.572 0.374 

1.44 0.38 


In the case of the uni-univalent salts where the data are most accurate the 
agreement is most satisfactory. In the case of the other types of salts the 
freezing point data in dilute solution are so uncertain that no better agreement 
is to be expected. 

The second empirical rule of Lewis and Randall relates to activity coeffi- 
cients as obtained from solubility data in mixed electrolytes. It amounts to 
a more exact statement of the relation which was vaguely formulated as the 
isohydric principle. It is as follows: In dilute solutions the activity coeffi- 
cient of a given electrolyte is the same in all solutions of the same ionic 
strengths The application of Equation (i) to activity of a slightly soluble 
salt in the presence of other electrolytes requires a careful consideration of the 
way in which (i) depends (a) upon the concentration of the ions of the slightly 
soluble salt, (b) upon the total ion concentration. Inspection of the deriva- 
tion of (i) shows that it may be written in the form 

F. = 2i;i RT Id m+/3 2 (i;iZi=) ^ m^+C (8) 

where 2 (u,Zi^)^m^ refers to the total ion concentration. The remainder 
of the constants of the third term of (i) were represented by /S. The value of 
0 will therefore vary when the valence type of the slightly soluble salt varies 
since it contains the term ^(uiZi^) Since Fs must be equal to the free energy 
of the solid salt C will be different for different salts. Salts whose ions are 
able to combine in crystal lattice in such a way as to neutralize effectively 
their electrical fields will be slightly soluble. The solubility of highly polar 
salts thus depends largely on what Born has called the grating energy. 

If we write 

Fg^Sui RT In a 

where a is the mean activity of the ions of the slightly soluble salt then (8) 
may be transformed into the following equation 

* The value used for D is 8c. For pure water it is usually taken as 87. 

* Ijewis and Randall: J. Am. Chem, Soc. 43, 1141 (1921). 
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ln£ =|8i S(u,z2)^m^4-Ci 
m 


(9) 


is the ionic strength 


Here “is the mean activity coefficient and 

m 2 

as defined by Lewis. The above equation shows that a linear relation exists 

between the logarithm of the activity coefficient and the square root of the 

ionic strength in dilute solutions. This relation was shown by Lewis to hold 

for such data as are available*. 


The foregoing results justify the prediction that the equation of Debye 
for the free energy of strong electrolytes will be found to hold with great exact- 
ness for all types of strong electrolytes in dilute solution. In order to obtain 
further verification, it is necessary that more exact data be obtained for ac- 
tivities in dilute solution. Work along this line is in progress in this laboratory. 


^ Actually Ix'wis plotted a/m instead of In a/m but the above conclusion holds as 
may be readily seen by replot ting Lewm' data. 


Urhana^ lUinms. 



NEW BOOKS 


A Dictionaxy of Applied Chemistry. By Sir Edward Thorpe. Vol. V. 23 X 16 cm; pp. viii 4 * 
722. New York: Longmans^ Green and Co.^ 1923. Price: 320.00. The fifth volume includes 
such topics as oxygen, ozone, paint, palladium, paper, paraffin, parchment, pearls, perfumes, 
petroleuih, phenat^etine, phenanthrene, phenol, phosphorus, photography, photosynthesis, 
phthalic acid, picric acid, pigments, pitch, plant-sprays, platinum, polarimetry, potassium, 
pottery, precipitation (electrical), primuline, propyl, proteins, pyrazolone, pyrimidines, 
pyrometry, pyrotechny, quartz, quinoline, quinones, racemism, radiology, radium, refracto- 
meter, refractories, refrigerating and ice-making machinery, resins, rhodium, rubber, fum, 
and ruthenium. 

Under the cracking of petroleum, p. 148, there is the statement that “there is some 
doubt as to the reasons for granting a patent for the Burton process, because the operations 
are precisely similar to those patented by Dewar and Redwood in 1889; viz, the distillation 
and condensatiion were carried out under pressure. It is true that these operations were 
devised to produce larger yields of kerosene, that product l)cing much more important than 
motor spirit at the period of the granting of the original patent ; but the apparatus devised 
by Dewar and Redwood would give results similar to those which are bemg obtained with 
the Burton process.” 

The reviewer was especially’ interested at this time in the articles on phok)graphy by 
Gamble and on photosynthesis by Baly and Heilbron. One regrets to sec, however, the 
statement, p. 207, that “the sensitiveness, or to speak from a practical point of view, the 
^speed’, which is not the same thing, of the modern dry plate is something which has only 
been attained by long and careful experiment under the conditions of manufacture on a 
working scale, for there is something about the dry plate which seems to defy mere labora- 
tory elucidation alone, using the term to denote manufacture on a small scale.” All that 
means is that the people w’ho have developed the dry-plate industry arc so hopelessly em- 
pirical that they cannot find out what they do or why they do it even when they are actually 
doing it right along on a commercial scale. 

It is interesting to note, j). 227, that “in the development of aerial negatives during the 
recent war, the printing quality was largely determined by the regulated stain image (non- 
sulphited pyro-metol developer).” There is practically nothing as to the theory of the 
action of color sensitizing, p. 227. It is postulated quite definitely, p. 238, that the develoiK*T 
reacts only with dissolved silver bromide. 

“When the reducer diffuses into the emulsion film and reaches the halide grain the silver 
salt passes into solution and is ionised; reaction then occurs between the ion (?] or the re- 
ducer and the silver ion. The latter loses its charge, producing silver in solution, which 
solution soon becomes saturated and equilibrium is attained [?] . In the presence of a nucleus 
on which the silver can be precipitated, this equilibrium is not maintained, and the action 
proceeds until the grain is wholly reduced. The difference between unexposed and exposed 
silver halide is shown by the fact that one will develop and the other will not. The action 
of light, whatever it may be, is to produce that difference, the nucleus which will provide 
the deposition centre in the grain for precipitated silver.” 

Nobody would guess from that passage that it is possible to develop a positive direct 
by using a different developer. We have here a striking instance of the way in which 
people come to grief because they do not take the trouble to consider the whole of the sub- 
ject. 

When discussing photosynthesis Baly and Heilbron point out, p. 260, that there are 
three stages in any reaction. In the first stage the molecule is brought into a reactive state 
by the supply of a definite amount of energy, which must always be exactly one or more of 
its molecular quanta. The second stage is the atomic re-arrangement, whereby new 
molecules are produced. In the third and final stage the molecule passes into its normal 
and non-reactive state. 
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^^This deduction from the energy quantum theory and the recognition of the three stages 
of any reaction is of supreme importance, since it correlates all reactions and shows that in 
order to induce any reaction it is first of all necessary to supply energy to the system so as 
to activate the molecules, this being true however exothermic the reaction may lx*. There 
are three methods by which the energy neceasary for the first stage may be supplied. It 
may be supplied by a material catalyst, or as radiant energy either in the form of heat or 
light. The action of a catalyst does not arise here, and need only be mentioned in order to 
guard against any misconception. Many reactions take place in solution without the ap- 
parent intervention of the first stage*, but in such cases the molecules have been activated 
by the solvent which functions as a catalyst. In general it is a matter of little consequence 
whether a molecule is activated by heat or light, that is by infra-red or ultra-violet rays, in 
view of the known integral relationships that exist i>etween the frequencies at which a 
molecule can absorb energy. It is a matter of cardinal importance, however, in the case of 
highly endothermic reactions, in which the incri'ment of energy necessary for the initial 
phase change must obviously hv a large number of molecular quanta. When a molecule 
absorbs energy* at its principal frequency in the infra-red it absorbs it in terms of its mole- 
cular quantum, but if it absorbs ultraviolet light the unit of energy absorbed is a quantum 
which is an integral multiple of the molecular quantum, the multiple depending on the 
phase in which the molecule (‘xists. One single quantum of energy absorlxd at the charac- 
teristic frequency in the ultra-violet is always sufficient to activate a single molecule for 
any reaction however endotliermic this may be.” 

The conclusion drawn by Moore and Webster that ”iron salts play a more important 
r61e in the plant than chlorophyll is quite unsound as Willstatter has clearly proved. The 
eflfect of chlorosis caused in the leaves when the plant is starved of iron salts is most probably 
to lx* explained by the fact that they aid the synthesis of pyrrole which enters so largely 
into the constitution of (*hlorophyll. This is exactly analogous to the therapeutic value of 
iron in cases of anaemia in man, haemoglobin and chlorophyll having l>een shown by Will- 
stiitter to be similar in their constitution,” p. 262. 

”It- has been shown by experiments carried out in Liverpool that the ne(*e8sary wave- 
length of the light [which causes polymerisation of formaldehyde to reducing sugars) is 
2qo fjLfjLf w'hich at once establishes the fact that the polymerisation of the formaldehyde is 
photochemically distinct from its synthesis (which is caused by a wave-length of 200 mm). 
The importance of this observation lies in the conclusion that if ordinary formaldehyde were 
produced in the plant it would lx* necessary to consider the mechanism of its photocatalytic 
activation. Although it has been proved that the polymerisation of formaldehyde can be 
photolysed, this is of scientific interest only, liecause there is no need to postulate such a 
mechanism in the plant. On exposure to light of wave-length 290 mm, the formaldehyde 
molecules absorb energy quanta and are converU»d into an active phase of high energy con- 
tent, and it is these molecules w^hich at once undergo polymerisation to sugars, it being well 
known that formaldehyde in its ordinary form does not polymerise in this w^ay. It has 
further lieen proved, and this is a fact of fundamental importance, that the formaldehyde 
molecules when first produced by photosynthesis exist in the same reactive phase as w^hen 
they are photochemically activated by the action of light of w ave-length 290 mM on ordinary 
formaldehyde. Since the photochemically activated molecules polymerise to sugars, the 
freshly photosynthesiaed molecules do the same. This not only explains the absence of 
ordinary formaldehyde in the growing leaf, but it also eliminates the serious difficulty which 
would otherwise arise, namely, the necessity of the photocatalytic activation of the ordinary 
formaldehyde, if such were produced, as a separate step in the process whereby sugars are 
synthesised in the plant/’ p. 262. 

Baly and Heilbron say, p. 265, that “there is no doubt that formhydroxamic acid marks 
the first step in the phytosynthesis of the nitrogen compounds found in the plant. This has 
been proved, not only by the fact that this compound is actually produced by the direct 
action of activated formaldehyde on potassium nitrite, but also by the fact that activated 
formhydroxamic acid reacts with activated formaldehyde to give compounds which are 
known to occur in the living plant.” 


Wilder D. Bancroft 
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Practical Bacteriology for Chemical Students. By Edward Ellis. 19 X IS cm; pp, tnii 
-f 1S6. Lofidon and New York: Longmans^ Green and Co., 1993. Price: $1.60. The book is 
essentially a series of exercises designed to acquaint the student with bacteriological methods 
and technic. About six common bacteria, a yeast, and eleven species or genera of moulds 
are partially described. Methods for the examination of water and sewage are given. 

It is difficult to sec how sugar media prepared according to the author^s technic can be 
expected to remain sterile. No mention is made of present day methods for the adjustment 
of the reaction of culture media to definite hydrogen ion concentrations. The methods for 
the examination of water and sewage differ greatly from those used by American bacteriolog- 
ists. No serious attempt is made to present a classification of bacteria, yeasts, or moulds 
and no references are given to more comprehensive works. Figures 36 and 37 are missing. 

A chemist confronted with problems involving bacteriology would obtain little help 
from this book, except some information on bacteriological technic that might be obtained 
from anyone of a large number of standard works. F. R. Georgia 

A Course of Laboratory Experiments on Physico-Chemical Principles. By Miles 
SherriU. 22 X 15 cm; pp. xi + 125. New York: The Macmillan Co., 1923. Price: $7.00. 
In the preface the author says: ^Thia book presents a group of laboratory experiments which 
have been developed during a period of many years at the Massachusetts Institute of 
Technology as part of the general course of instruction in Chemical Principles given to 
junior and senior students in Chemistry and Chemical Engineering. Although especially 
designed to supplement Noyes and Sherriirs ^‘Chemical Principles,” . . . the experiments 

arc presented in a form suited to accompany any text-book of physical chemistry. 

‘The main purpose of this laboratory course is to illustrate and to emphasize the prin- 
ciples that are being siniultaneously considered in the class-room, by giving the student a 
more concrete acquaintance with the underlying phenomena. It serves also to illustrate 
some of the common methods of physico-chemical measurement. If differs, however, from 
most previous laboratory manuals of physical chemistry in the respect that this is an in- 
cidental, not a primary feature; emphasis lieing here placed on illustrating fundamental 
principles in close coordination with the general class-room course on the subject.” 

The chapters are entitled: molecular weight from vapor-density; vapor-pressure and 
its lowering by solutes; distillation in relation to vapor-pressure; distribution of solutes 
between phases; freezing-point lowering and molal composition; electrolysis, transference, 
and conductance; rate of chemical change; the equilibrium of chemical changes at constant 
temperature; equilibrium of chemical systems in relation to the phases present; heat effects 
attending chemical change; electromotive force of cells; effect of temperature on chemical 
equilibrium. 

This book contains twenty-seven carefully chosen experiment^, for each of w^hich explicit 
directions are given. The exercises are necessarily rather formal, but the reviewer, notwith- 
standing, was especially pleased with the experiments on homogeneous and heterogeneous 
chemical equilibrium involving the dissociation of hydrogen iodide and ammonium carba- 
mate respectiv(?ly; and he was also interested in the method of determining the vapor 
pressure of sodium sulphate decahydrate with the aid of isoamyl alcohol. 

The author has produced a first-class laboratory manual of the orthodox type. The ab- 
sence of informal but interesting qualitative experiments is a disappointment to the re- 
viewer, believing as he does that a modicum of experiments of this kind serves to stimulate 
in the student a spirit of inquiry, without producing any very disastrous consequences. 
This criticism, however, represents only a point of view and reflects in no wise on a very 
useful and creditable work. T. R. Briggs 



THE AMMONIUM CARBAMATE EQUILIBRIUM 


BY T. R. BRIGGS AND V. MIGRDICHIAN 

The equilibrium between ammonia, carbon dioxide and ammonium car- 
bamate has been made the subject of several investigations,’ some of which, 
particularly those by Horstmann and by Isambert, are regarded as classic. 
A critical study of the data, however, reveals the fact that the latter arc far 
from satisfactory and confirm the Mass Law only roughly. That this should 
be the case is not so surprising when one considers that the data were obtained 
more than forty years ago; but it is surprising to find that nobody heretofore 
has taken the trouble to repeat the work with care and reasonable accuracy. 
Professor Bancroft brought this point to our attention, and the present inves- 
tigation was undertaken. 

The experimertal procedure employed may be said briefly to consist in 
measuring, at constant volume and at definite temperatures (io°, 15“, 20°, 
25®, 30®, 35®, 40®, 45°) the pressure exerted by the vapor phase in equilibrium 
with solid ammonium carbamate, when the latter is brought into contact 
with a definite quantity of ammonia or of carbon dioxide. 

Theoretical 

Solid ammoniiun carbamate is volatile at ordinary temperatures and 
Naumann,* from determinations of the vajHir density, has shown conclusively 
that the vapor consists wholly of ammonia and carbon dioxide, at least above 
37°. At higher temperatures (130®) the solid carbamate loses water and 
changes to urea®; but at the temperatures employed in this work (10® to 45®) 
the formation of urea may safely be regarded as inappreciable. 

When solid carbamate is vaporized and brought into equilibrium with the 
dissociated vapor, the state of the system may be represented as follows: 

NRWH£Oj:?=t2rm,+TO2 (i) 

For such a case, the Mass Law requires the following relation between the 
partial pressures of ammonia and carbon dioxide: 

p*NH,.pCO*=Kp (2) 

and since dissociation occurs with an absorption of heat, Kp will increase as 
the temperature is raised. 

If one starts with pure carbamate and causes it partially to vaporize, the 
system solid and vapor is univariant and at any one temperature there can 

’Binesu: Ann. chim. phys. (2) 67 , 240 (1838); Rose: Pogg. Ann. 4(^363 (1839); 
Naumann: Ann. 160 , i (1871); Horstmann: Ibid. 187 , 148 (1877): Isambert; Compt. rend. 
92, 919; 93, 731 (»88i); 96 , 340 (1882); 97 , 1212 (1883); firmer: J. Chim. phys. 4 , 276 
(1906). 

'Ann. 160 , i (1871). 

' fiasarow: Bull. 4; 32 , 394 (1922). 
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be but one equilibrium pressure. This pressure is the normal dissociation 
pressure and it will be represented by ir©. If the carbamate vapor is complete- 
ly dissociated into ammonia and carbon dioxide, then 


pNH,- and pCO* = ^ 

3 3 

On substituting these values in (2), the following expression is obtained: 


4 

27 


^r*o-Kp 


(3) 


When, however, carbamate is vaporized into a space containing either 
ammonia or carbon dioxide, (or both, in any volume-ratio other than 2 NH3: 
I CO2) the system solid and vapor is bivariant and there can be different 
equilibrium pressures at any one temperature depending upon the composi- 
tion of the vapor phase. Suppose one introduces solid carbamate into a 
space containing ammonia, the pressure of which is ei. Let the total vapor 
pressure at equilibrium be represented by P. Then P— ei is the partial pres- 
sure of the ‘carbamate’ vapor, and since the latter is presumed to be complete- 
ly dissociated 



(4) 

3 3 


and pCOj ^ 

3 

(s) 


providing, of course, the space occupied by the solid carbamate itself is small 
enough to be disregarded. On substituting these expressions for pNHs and 
PCO2 in (2), one arrives at the following working relation: 

^ 2P+ei y (6) 

When carbon dioxide at a pressure e? is used in place of ammonia, the rela- 
tion becomes: 

^ 2 P— 264 ^ (7) 


By employing Equations (3), (6) and (7), the equilibrium constant has 
been determined in this investigation under three different sets of experimental 
conditions — (i) when the vapor consisted wholly of dissociated ammonium 
carbamate, (2) when the vapor contained ammonia in excess, (3) when the 
vapor contained carbon dioxide in excess. The first method necessitated 
careful redetermination of the normal dissociation pressure Wo of pure 
ammonium carbamate, while the other two methods required the measure- 
ment of the total equilibrium pressure when the excess of ammonia or carbon 
dioxide was known. 

A further interesting relation may be brought out as follows. If the partial 
pressure of dissociated carbamate in the vapor be represented by tt , then 
since »*P— ei=P— e». 
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and 






Dividing both members of each equation by tto^ we 

obtain the following 


/ 27 r . Cl TT 4 

( 1 ) = ’ 

\37ro To / 3 To 27 


and 

/ 2 T y/ T ^ ea \ ^ 

V3’ro/ V3T0 To / 27 


whence 

_ei^_ 2_r / T° y T 1 

(8) 


To 3 L \ T / To J 


and 

JLl 

(9) 


To 3 L \ T / To J 



These equations in c/tto and tt/tto are independent of the equilibrium 
constant Kp and therefore of the temperature at which equilibrium prevails. 
By assigning definite values between o and i to tt/tto, corresponding values 
of e/iTo have been computed, and curves— one for ammonia and one for 
carbon dioxide — ^have been drawn with the data thus obtained. Each of 
these cuiwes (Figs. 2 and 3) is therefore the graph of the Mass Law applied 
to the particular case and each suffices in theorj'^ for all temperatures. Similar 
curves have been displayed by Horstmann, but it is a particular purpose of 
this investigation to asceilain how closely the experimentally detennined 
values of tt/tto and c/tto agree wdth those calculated from the Mass Law 
Equations (8) and (9). 


Experimental 

Preparation of the Pure Materials 

The ammonia was obtained from cylinders of the compressed gas. It 
was dried with great care by passing it over calcium oxide, then over solid 
sodium hydroxide and finally over metallic sodium. The gas thus treated 
was found to contain less than one-tenth of one percent of residue unabsor- 
bable by sulphuric acid. 

The carbon dioxide was prepared from pure marble in a specially designed 
generating apparatus, and was dried by being passed through two Friedrichs 
bottles containing sulphuric acid, followed by two U tubes filled with phos- 
phorus p>entoxide. The gas was found to be free from hydrochloric acid vapor 
and was absorbed completely by a solution of sodium hydroxide. 

Pure ammonium carbamate was prepared by allowing dry ammonia and 
dry carbon dioxide, in the proper volume-ratio, to react in a special chamber 
cooled to o®. The carbamate was preserved in this chamber out of contact 
with moisture and air. 



1124 


T. B, BRIGGS AND V. MIGBDI CHIAN 


Apparatus and Procedure 

The general disposition of the dissociation apparatus is shown in Figure 
I. B is the reaction chamber and M1M2 the manometer. The volume of B 
was maintained constant by means of the adjustable mercury seal U in file 
lower arm of the bulb. Sealed into B at its upper end was a capillary tube 
containing a glass stop cock, through which ammonia or carbon dioxide could 



Fig. I 


be introduced-, as desired. Solid ammonium carbamate was stored in the 
side-arm A and was kept completely covered with mercury, by means of a 
procedure to be described later. 

The pressure in B (always less than one atmosphere) was measured by 
means of the manometer MiMt and a carefully calibrated barometer. When 
the mercury in each arm of U was brought to the same level, the pressure 
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above the mercury in M2 was exactly equal to the pressure in B and this in 
turn was found by subtracting from the barometric pressure the pressure of the 
column of mercury between Mi and M2. The accurate adjustment of levels 
in IJ was performed by raising or lowering M2 by means of a special screw 
until the surfaces ay and 02 were at exactly the same level, as ascertained by 
sighting along a horizontal line in a telescope. The length of the column of 
mercury between Mi and M2 was measured against a fixed scale by determin- 
ing the position of the mercury in Mi and M2, with the aid of a cathetometer. 
The usual corrections for temperature were applie^d to all manometrie and 
barometric readings. 

The reaction bulb B was immersed up to the stopcock in a water thermo- 
stat, electrically heated, stirred and regulated. The temperature seldom 
varied by more than 0.05° over a period of eight hours, six hours being found 
airiple above 15° for the establishment of equilibrium. 

A thermometer, calibrated by the Bureau of Standards, and permitting 
readings of temperature to 0.01®, was immersed in the bath near the bulb B, 
Readings at stated intervals were taken and these ivere averaged in f)btaining 
the equilibrium temperature. 

In order to carry out the nect‘ssary measurements with one of the gases— 
ammonia or carbon dioxide- pri^sent in excess in the reaction chamber B, 
it was first necessaiy to obtain a sufficient supply of the dry solid carbamate 
in the side arm A, before the excess of gas was introduced into B, Carbamate 
was first sublimed into B by connecting the latter to the cylinder in w’^hich was 
stored the dry reagent prepared as previously stated. A small cooling jacket 
was then fitted about the side arm A and the whole apparatus was immersed 
in hot water. Carbamate soon gathered in the side arm and in a few hours 
appeared to have Ix^en eliminated completely from B and from C, and to 
have been localized wholly in A, lliereupon the carbamate in A was covered 
with a column of mercury and the last traces of carbamate in the rest of the 
apparatus were removed by repeated evacuation. 

The whole apparatus was then filled with mercury which had previously 
been freed from air and moisture by being heated to 200° under reduced 
pressure. A suitable quantity of ammonia or carbon dioxide was next intro- 
duced and enough mercury was left in the apparatus to serve as the seal and 
pressure indicator in U, The whole was then placed in the thermostat at 
20® and the pressure of the gas determined. Care was taken to see that the 
carbamate in the side arm was covered with mercury to a sufficient depth so 
as to prevent sublimation into B, Since the pressure of the gas in B remained 
constant with time, no sublimation could have occurred, for had it done so, a 
marked increase in pressure would have been observed. 

The bulb B was next removed from the thermostat and the side aiin A 
was heated carefully so as to distill carbamate back into the reaction chamber, 
after the latter had been filled with ammonia or carbon dioxide at known 
pressure. A small quantity of the reagent passed into B, where it condensed 
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on the walls. Care was taken to heat locally the walls of the U tube containing 
the mercury seal, so as to free them from condensed carbamate. The appaD* 
atus was then returned to the thermostat and allowed to remain for several 
hours until the pressure became constant and equilibriiun was presumably 
established. The total pressure in B was finally ascertained as carefully as 
possible. Different determinations of pressure varied by not more than 0,3 
mm. Equilibrium pressures were determined at lo^ 15®, 20®, 25®, 30®, 35®, 
40®, and 4S®. In all, twelve such complete runs were carried out, six with 
ammonia in excess, five with carbon dioxide and one with no excess of either 
component. The complete investigation thus included some ninety independ- 
ent determinations of the equilibrium pressure, although in a few cases 
several of the above temperatures were passed by. 

The pressure of the gas in excess, in the absence of carbamate, was deter- 
mined at 20® for each of the twelve runs. From this value the pressure of the 
gas in excess was computed for the other temperatures by assuming that the 
pressure, at constant volume, varied directly with the absolute temperature. 
Special experiments showed that this was true, as the pressures were never 
very great. No correction was made for the expansion of the bulb, as these 
special experiments indicated that this was an unnecesary refinement under 
the conditions of the work. 

Special care was taken, however, to eliminate the errors that might be 
caused by air adsorbed in the carbamate or by the walls of the reaction cham- 
ber. The carbamate was stored in vacuo and no air was allowed at any time 
to enter the reaction chamber, after the air had once been removed completely 
by heating imder reduced pressure. 

Special experiments were also carried out for the purpose of redetermining 
the dissociation pressures of ammonium carbamate between 10® and 45®. 
These measurements were carried out in the equilibrium apparatus just 
described. Carbamate was sublimed into the reaction chamber J 5 , and the 
latter was then filled with dry, air-free mercury. On closing the upper stop- 
cock and withdrawing mercury, the carbamate was caused to vaporize in jB, 
this process being hastened by heating. The vapor so formed was next con- 
densed to the solid by compression, the bulb B was again filled with mercury 
and the slight trace of uncondensable gas was trapped in the upper capillary 
and expelled through the stopcock. The mercury was again run out and the 
carbamate was once more vaporized in the reaction chamber. The condensa- 
tion to solid was repeated, and the cycle of evaporation and condensation was 
continued until no trace of uncondensable residue could be detected. The 
bulb B containing pure carbamate was then placed in the thermostat and the 
equilibrium pressure was determined. Needless to say, the glass stopcock 
was tested and was found to be free from leaks. 
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The Dissociation Pressure of Ammonium Carbamate 

The data, obtained as described, have been assembled in Table I. Pressure 
is stated in millimeters, temperature in degrees Centigrade. 


Table I 

The Dissociation Pressure of Ammonium Carbamate 


Temp. 

**0 

Temp. 

^0 

Temp. 

*'0 

Temp. 

^0 

10.03 

29.2 

24.91 

00 

00 

29,83 

124.5 

36.90 

199. I 

10.92 

31-4 

25-33 

92.0 

29.96 

124.5 

37.88 

212.9 

14.92 

42.5 

25.88 

94.2 

30.91 

133-6 

38.87 

226. 7 

16.90 

49-3 

26.77 

100.3 

32.10 

145-0 

39-89 

242.5 

17.86 

S 2-7 

26,92 

TOI .3 

32.91 

153-4 

41.91 

276.3 

00 

61.3 

27-85 

00 

0 

33 90 

163.3 

44-86 

331-6 

21 . 25 

68.1 

28.87 

II4. I 

34.89 

174-y 



22 . 96 

77.0 

28.92 

1 16. 7 

3 .*; 01 

t86. 7 




The values of Tq and t were next plotted and a pressure-temperature 
curve, several feet in length, was constructed, each centimeter on the tempera- 
ture axis representing 0.2®, and each centimeter on the tt© axis a pressure of 
5 mm. The individual determinations lay very close to a smooth curve, while 
the dissociation pressures reported by Horstmann, Naumann and Isambert, 
plotted for comparison, showed irregular variations and were in general greater 
than ours. By constructing the curve on so generous a scale it became possible 
to read from the curve values of tt© with great precision (to 0.2 mm.). 

The Dissociation Pressure With One Component in Excess 

In accordance with the procedure described, twelve different scries of 
determinations were carried out, six of these with ammonia in excess, five with 
(carbon dioxide, and one with pure carbamate as a check. The pressure of the 
gas in excess was measured at. 20° in each series and the pressure at other 
temperatures was computed from this value. Each series was run in 
general at 5® intervals from 10® to 45® inclusive. The data have been assem- 
bled in Table II, the symbols having in every case the meaning already 
assigned to them. The series are numbered in the first column. 

The equilibrium constant Kp has been computed in two ways — in Column 
8 from the product p^NHs.p CO2 and in Column 9 from 4/27 7^o^ the values 
of To having been read from the dissociation pressure curve. The agreement 
is satisfactory, except for the runs at 10®, though in general the values of Kp 
computed from the product of the partial pressures are slightly smaller than 
those obtained from the dissociation curve. We do not feel justified in re- 
garding this difference as significant at the present time, since in general the 
variations in Kp that may be observed in the table do not greatly exceed the 
probable error involved in these measurements. 
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Table II 

Equilibrium Data and Dissociation Constants 


gp. 

( 2 ) 

Temp. 

(3; 

(4) 

(5) 

No. 


ei 

ej 

P 

Ai 

10.04 

157.5 


158.3 

As 

10.08 

131.8 


132.2 

A3 

10. 01 

52.4 


S 7‘2 

A4 

10.05 

49.0 


56.4 

As 

10.41 

25.5 


36.3 

A6 

10.04 

12 . 7 


34.3 

A7 

10.03 

0 

0 

29.2 

A8 

10.00 


19.3 

39-6 

A9 

10.18 


33-4 

48.7 

Aio 

10.01 


87. 1 

97.1 

An 

10.00 


158.0 

165.1 

Ai2 

10.06 


159.1 

166.9 

Bi 

14.89 

160.2 


162.1 

B2 

14.93 

134. 1 


^ 37-1 

B3 

B4 

14.92 

53-3 


63 -3 

Bs 

14.93 

25.9 


46.7 

B6 

14.88 

12.9 


42.1 

B7 

15.00 

0 

0 

43 1 

B8 

14.85 


19.7 

48.6 

Bg 

14.92 


34.0 

58.0 

Bio 

15*00 


88.6 

105.7 

Bn 

15,00 


160.9 

1731 

Bi2 

14.91 


161.9 

174-5 

Cj 

19.93 

163,0 


166.6 

C2 

19.93 

136.4 


141.7 

.C3 

19.92 

54.2 


75-9 

C4 

19.89 

50.7 


73-0 

Cs 

19.94 

26.4 


64. 2 

C 6 

19.89 

13 .1 


63.1 

C7 

20.00 

0 

0 

61.8 

C 8 

19.95 


20.0 

66. 1 

C9 

19.91 


34.6 

74-4 

Cio 

19.86 


90. 1 

118.3 

Cn 

19.91 


163.6 

184.9 

C12 

19.86 


164.7 

185-3 

Di 

24.98 

165.7 


176.4 

D2 

24.91 

138.7 


152.4 

I >3 

D 4 

24.89 

55-2 


g8. 1 

Ds 

24.94 

26.9 


89.4 

D6 

24.94 

13-3 


88.1 

D7 

25.00 

0 

0 

88.5 

D8 

24.88 


20.4 

go. 2 

Dg 

24.88 


35.2 

97-4 

Dio 

24.86 


91.7 

137-3 

Dn 

24.94 


166.5 

201 . 1 

Di2 

24.89 


167.5 

202 . 4 


(6) ( 7 ) (8) ( 9 ) 


pNH, 

pCO, 

Kp/io» 

27 

.Vio» 

158.0 

0 

26 

6 

5 

3 

7 

132.1 

0 

13 

2 

2 

3 

8 

55.6 

I 

6 

5 

0 

3 

7 

53.9 

2 

5 

7 

3 

3 

7 

32.7 

3 

6 

3 

9 

4 

I 

27 . 1 

7 

2 

5 

3 

3 

7 

19.4 

9 

7 

3 

7 

3 

7 

13.5 

26 

I 

4 

8 

3 

7 

10.2 

38 

5 

4 

0 

3 

9 

6.7 

90 

4 

4 

I 

3 

7 

4.7 

160 

4 

3 

5 

3 

7 

5-2 

161 

7 

4 

4 

3 

8 

165.1 

0 

63 

16 

4 

II 

3 

136. 1 

1 

0 

18 

5 

II 

3 

60.0 

3 

3 

1 1 

9 

II 

3 

39.8 

6 

9 

10 

9 

T I 

3 

32.4 

9 

7 

10 

2 

II 

3 

28. 7 

14 

4 

11 

8 

II 

5 

19.3 

29 

3 

10 

9 

II 

2 

16.0 

42 

0 

10 

8 

11 

3 

II. 4 

94 

3 

12 

3 

II 

5 

8.1 

165 

0 

10 

8 

II 

5 

8.4 

166 

I 

II 

7 

I I 

3 

165.4 

I 

2 

32 

8 

' 34 

7 

139.9 

I 

8 

35 

2 

34 

7 

68.7 

7 

2 

34 

0 

34 

6 

65.6 

7 

4 

31 

8 

34 

4 

51.6 

12 

6 

33 

6 

34 

8 

46.4 

16 

7 

36 

0 

34 

4 

41 . 2 

20 

6 

35 

0 

35 

3 

30.7 

35 

4 

33 

4 

34 

9 

26.5 

47 

9 

33 

6 

34 

6 

18.8 

99 

5 

35 

2 

34 

I 

14.2 

170 

7 

34 

4 

34 

6 

13.7 

171 

6 

32 

3 

34 

1 

172.8 

3 

6 

107 

2 

102 

7 

147.8 

4 

6 

100 

5 

100 

7 

83.8 

14 

3 

100 

4 

lOI 

I 

68.6 

20 

8 

97 

9 

lOI 

5 

63.2 

24 

9 

99 

5 

lOI 

5 

59.0 

29 

5 

102 

7 

103 

3 

46.5 

43 

7 

94 

9 

99 

8 

41.5 

55 

9 

69 

3 

99 

8 

30.4 

106 

9 

98 

8 

99 

2 

23.1 

178 

0 

95 

0 

101 

5 

233 

179 

1 

97 

2 

90 

9 
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(1) 

(2) 

(3) 

(4) 

El 

30. OX 

168.6 


E2 

29.96 

141 . 1 


E3 

29*95 

56.1 


E4 

29.94 

52.5 


Es 

29 -93 

27.3 


E6 

29.96 

13.6 


E7 

30.00 

0 

0 

E8 

29*93 


20.7 

E9 

29.92 


35.8 

Eio 

29.90 


93.3 

Ell 

29.85 


169.2 

Et2 

29*93 


170.4 

Fi 

34.92 

171.3 


F2 

34.88 

143.5 


F3 

F4 

34.91 

56 . 9 


F5 

34.86 

27 7 


F6 

34.94 

13 8 


F; 

35*00 

0 

0 

r8 

34.90 


21 . 1 

F9 

34.76 


30.4 

Fio 

34.85 


94-8 

Fii 

34.81 


T 72 .0 

Fi2 

34 . 90 


173.2 

<J J 

39.89 

174. 1 


0,2 

39.90 

145.7 


C53 

39.94 

57.9 


G4 

39.87 

54* 1 


Gs 

39.84 

28.3 


G6 

39.85 

14,0 


G7 

40.00 

0 

0 

G8 

39-90 


21.4 

G9 

30-87 


37.0 

Gio 

39.80 


96.4 

Gii 

39-85 


J74.9 

Gi2 

39-87 


176.1 

Hi 

44-93 

176.8 


H2 

H3 

44.84 

148. 1 


H4 

44.84 

55.0 


Hs 

44-84 

28. 7 


H6 

44 89 

14.3 


H7 

45-00 

0 

0 

H8 

44.88 


21.8 

H9 

44.82 


38.7 

Hio 

44-85 


98.0 

Hii 

44-97 


177.8 

Hi2 

44-83 


178.9 


(5) 

(6) 

(7) 

(8) 

194.2 

185-7 

8. 

5 

293 

174.2 

163.2 

II . 

0 

293 

132.2 

106.8 

25. 

4 

289 

129.5 

103.8 

25. 

7 

277 

125.4 

92.7 

32. 

7 

281 

124.9 

87.8 

37. 

i 

286 

125.0 

83.3 

41. 

7 

289 

126.8 

70.7 

56. 

I 

280 

132.4 

64.4 

68. 

0 

282 

165.9 

48.4 

J17. 

5 

275 

226.6 

38.3 

188. 

3 

276 

227.3 

37.9 

189. 

4 

272 

226.2 

207.9 

18 

3 

791 

210 9 

188.4 

22 

5 

799 

180.0 

139 0 

41 

0 

792 

174 2 

125.4 

48 

8 

767 

174.5 

120.9 

53 

6 

783 

175.9 

117 3 

58 

6 

806 

175.7 

103.7 

72 

6 

771 

178.8 

94 . 9 

83 

9 

756 

208.2 

78.9 

129 

3 

758 

263 . 7 

61 J 

202 

6 

757 

265.2 

61 3 

203 

9 

767 

279.8 

244.6 

35 

2 

2106 

270.9 

229. 2 

41 

7 

2190 

246 4 

183.6 

62 

8 

2117 

244.3 

181.3 

63 

0 

2071 

241.5 

170.4 

71 

1 

2065 

240.9 

165.3 

75 

6 

2066 

244.3 

162 . 9 

81 

4 

2160 

243 • 5 

148.0 

95 

5 

2091 

246.6 

139.7 

106 

9 

2086 

268. 7 

114.9 

153 

8 

2030 

319.5 

96.4 

223 

1 

2073 

320. i 

96 . 0 

224 

I 

2065 

358.8 

298. 1 

60 

7 

5394 

352.5 

284.4 

68 

I 

5508 

332.9 

240.3 

92 

6 

5347 

332.2 

231.3 

lOI 

7 

5441 

331.7 

225.9 

105 

8 

5399 

334.4 

222.9 

III 

5 

5540 

332.0 

206.8 

125 

2 

5354 

333.0 

196.5 

137 

0 

5290 

351.0 

168.7 

182 

3 

S188 

397.9 

146.7 

251 

2 

5407 

396.8 

145.3 

251 

5 

5310 


1129 


(9) 

294 

291 

289 

289 
288 

290 

293 

288 

287 
285 

283 

288 

798 

790 

796 

789 

800 

810 

794 

773 

787 

780 

794 

2 1 16 
2120 
2 136 
2108 
2096 
2100 
2x60 
2120 
2108 
2080 
2100 
2 ic8 


5476 

5384 

5384 

5384 

5436 

5545 

542^ 

5363 

5395 

5515 

5374 
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Values of e/x© and tt/tt© computed from the experimental data of Table 
II have been assembled in Table III. For convenience the number of each 
experiment has been repeated in the first column of data, and likewise the 
values of ei and ez in Columns 2 and 3. 


Table III 


Comparison between - Found, and ^ Required by Mass Law 


(I) 

( 2 ) 

( 3 ) 

(4; 

Exp. No. 

Oi 

Ci2 

w 

Ai 

I57-S 


0.8 

A2 

131.8 


0.4 

A3 

52.4 


4.8 

A4 

49.0 


7.4 

As 

25 . 5 


10.8 

A6 

12 . 7 


21.6 

A? 

0 

0 

29.2 

A8 


19 . 3 

20.3 

A9 


33*4 

T5.3 

Aio 


87.1 

10. 1 

An 


158.0 

7.1 

Ai2 


1591 

7.8 

Bi 

160.2 


1.9 

B 2 

134- T 


3.0 

B3 

B4 

53.3 


10. 0 

Bs 

25Q 


20.8 

B6 

12.9 


29.2 

B 7 

0 

0 

43 -T 

B8 


19.7 

28.9 

B9 


34‘0 

24.0 

Bio 


88.6 

17. 1 

Bn 


160.9 

12.2 

Bi2 


161.9 

12 . 6 

Cl 

163.0 


3.6 

C2 

136.4 


5.3 

C3 

S 4‘2 


21.7 

C4 

50.7 


22.3 

C<; 

26.4 


37-8 

C6 

T3.1 


50. c 

C7 

0 

0 

61.8 

C8 


20.0 

46. 1 

C9 


34.6 

39.8 

Cio 


90. 1 

28.2 

Cn 


163.6 

21.3 

C12 


164.7 

20.6 


(5) 

( 6 ) 

(7) 

( 8 ) 


e 

IT 

T 







*■0 

Found 

Mass liaw 

29. 1 

5-42 

0.03 

0.01 

29.2 

4.52 

O.OI 

0.02 

29.0 

1 .81 

0. 17 

0. 13 

29. 1 

1.68 

0. 25 

0. 14 

30.0 

0.85 

0.36 

C.37 

29. 1 

0.44 

0.74 

0.62 

29.0 

0 

I 

I 

29.0 

0.67 

0.70 

0.62 

29.5 

113 

0.52 

0.51 

29.0 

3.00 

0.3s 

0.33 

20.0 

5-44 

0.25 

0.25 

29.2 

5*44 

0.27 

0.25 

42.4 

3.78 

0.05 

0.03 

42.5 

3.15 

0.07 

0.05 

42.5 

I. 2 $ 

0.24 

0.23 

42.5 

0.61 

0.49 

0.50 

42.4 

0.30 

0.69 

0.73 

42.8 

0 

I 

I 

42.3 

0.47 

0.68 

0.69 

42.5 

0.80 

0*57 

0.58 

42.8 

2.07 

0.40 

0.39 

42.8 

3.7s 

0.29 

0.30 

42.5 

3.78 

0.30 

0.30 

61.7 

2.64 

0.06 

0.06 

61 . 7 

2.21 

0.09 

O.OQ 

61.7 

0.88 

0.35 

0.36 

61.5 

0.83 

0.36 

0.39 

61.8 

0.43 

0.61 

0.62 

61 5 

0.21 

0.82 

0.80 

62.0 

0 

1 

I 

61.8 

0.32 

0.7s 

0*76 

61.6 

0.56 

0.65 

0.65 

61.5 

1.47 

0.46 

0.45 

61.6 

2.64 

0.35 

0.3s 

61.5 

2.67 

0.34 

0.34 
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Table III (continued) 


(l) 

(a) 

(3) 

(4) 

Dr 

165-7 


10.7 

D2 

138-7 


13-7 

D3 

D 4 

55-2 


42.9 

Ds 

26.9 


62.5 

D 6 

13.3 


74-8 

D 7 

0 

0 

88.5 

D 8 


20.4 

6p.8 

Dp 


35-2 

62.2 

Dio 


pi. 7 

45-6 

Dii 


166.5 

34.6 

Dx2 


167-5 

. 34*9 

El 

168.6 


25.6 

E2 

I4I . I 


33*1 

E3 

56.1 


76. 1 

E4 

52. s 


77*0 

Es 

273 


q8. I 

E6 

13.6 


III. 3 

E 7 

0 

0 

125.0 

E8 


20. 7 

106. 1 

Ep 


35-8 

96.6 

Eio 


93-3 

72.6 

Ei j 


i6p.2 

57 4 

Ei2 


170.4 

5 ^> • 9 

Ei 

J 7 I -3 


54*9 

F2 

A 43-5 


67.4 

E3 

F4 

56.9 


123 1 

Es 

27.7 


146.5 

F6 

i3^S 


t6o. 7 

1' 7 

0 

0 

^ 75-9 

F8 


21 . 1 

154*6 

Eg 


36.4 

142.4 

Fio 


94-8 

JI 3-4 

Fii 


172.0 

91.7 

Fi2 


^ 73 - 2 

92.0 

r,i 

174. 1 


105.7 

G2 

145-7 


125,2 

r .3 

57-9 


188.5 

(I4 

54-1 


189,2 

Os 

28.3 


213.2 

06 

14. 0 


226,9 

O7 

0 

0 

244*3 

08 


21 .4 

221 . 1 

Op 


37-0 

209.6 

Gio 


96.4 

X 72-3 

Gix 


174.9 

144-6 

0X2 


176.1 

144-0 


( 5 ) 

(6) 

( 7 ) 

(8> 

89.0 

1 . 

86 

0 . 

12 

0. 

1 1 

88.5 

1 . 

57 

0. 

16 

0. 

16 

88.5 

0. 

62 

0. 

48 

0. 

49 

88.7 

0. 

30 

0. 

71 

0 

73 

88.7 

0. 

15 

0. 

84 

0. 

86 

89.0 

0 


I 


T 


88.4 

0. 

24 

0. 

79 

0 

82 

88.4 

0. 

40 

0. 

70 

0. 

72 

88.3 

I . 

04 

0. 

52 

0. 

53 

88.7 

I . 

88 

0. 

39 

0. 

40 

88.5 

1 . 

90 

0. 

39 

0. 

40 

125.5 

1 . 

34 

0. 

20 

0. 

21 

125.0 

1 . 

13 

0. 

26 

0 

27 

125.0 

0. 

45 

0. 

61 

0. 

61 

125.0 

0 

42 

0. 

62 

0. 

63 

124.7 

0. 

22 

0. 

79 

0. 

80 

T25 .0 

0. 

I T 

0. 

89 

0. 

89 

125.5 

0 


1 


1 


124.7 

0. 

17 

0. 

.85 

0, 

86 

124.7 

0. 

29 

0. 

■77 

0, 

73 

124.5 

0. 

75 

0. 

53 

0, 

59 

124.2 

1 , 

>36 

0 

.47 

0, 

47 

124.7 

1 

37 

0 

46 

0 

47 

175.2 

0 

.92 

0 

31 

0 

32 

174.8 

0 

.82 

0 

39 

0 

39 

175*0 

0 

33 

0 

70 

0 

71 

174*5 

0 

16 

0 

84 

0 

85 

175*5 

0 

08 

0 

92 

0 

02 

176.2 

0 


I 


1 


1750 

0 

12 

0 

89 

0, 

90 

173.5 

0 

21 

0 

82 

0, 

83 

174*5 

0 

54 

0. 

65 

0. 

66 

174.0 

0 

99 

0, 

53 

0. 

53 

175*0 

0 

99 

0 

53 

0. 

53 

242 . 5 

0. 

72 

0. 

44 

0. 

44 

243 * 0 

0. 

60 

0, 

51 

0. 

51 

243 * 5 

0, 

24 

0, 

77 

0. 

78 

242.3 

0 

22 

0, 

78 

0. 

80 

242.0 

0, 

12 

0, 

88 

0. 

89 

242.0 

0, 

06 

0. 

94 

0, 

94 

244.4 

0 


1 


I 


243.0 

0. 

09 

0. 

91 

0. 

92 

242.3 

0. 

15 

0. 

87 

0. 

87 

241 .2 

0. 

40 

0. 

72 

0. 

72 

242.0 

0, 

72 

0. 

60 

0, 

60 

242.3 

0. 

73 

0, 

59 

0 

60 
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Table III 

(continued) 




(1) 

( 2 ) 

( 3 ) 

( 4 ) 

(5) 

(6) 

(7) 

(8) 

Hi 

176.8 


0 

00 

333 

0.53 

0.54 

0*55 

H2 

148.1 


204.4 

331 

0*45 

0.62 

0.61 

H3 







H4 

55-0 


277.9 

331 

0. 17 

0.84 

0.85 

Hs 

28.7 


303 . 5 

331 

0.09 

0.92 

0.92 

H6 

14-3 


317-4 

332 

0.04 

0.96 

0,96 

H7 

0 

0 

334-4 

334*5 

0 

1 

I 

H8 


21.8 

310.2 

332 

0.07 

0.94 

0.94 

Hg 


38.7 

294.8 

331 

0. 12 

0.89 

0.90 

Hio 


98.0 

2 S 3-0 

331*5 

0.30 

0.76 

0,78 

Hu 


177.8 

220.1 

334 

0.53 

0.66 

0.67 

Hi2 


178.9 

217.7 

331 

0.54 

0.66 

0.66 


In Figure 2 (and also in Figure 3) the graphs of Equations (8) and (9) have 
been displayed in accordance with the statement made during the discussion 
of the theory. From these curves, therefore, may be read values of ir/iro 
corresponding in theory to the various experimental values of c/tt©. The 
theoretical values of tt/tto thus read from the curves have been assembled 



in the last column of data in Table III, where they may be compared with 
the values of tt/tto obtained by experiment. The close agreement between 
the two sets of values shows how nearly the experimental data are in 
accord with the Mass Law. 

» e 

To bring out this pjoint more strikingly, the values of t/wo and — 

'JTo 

obtained hy experiment have been plotted in Figure 2, ammonia in excess 
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being distinguished from carbon dioxide in excess by the full black circles. 
It will be seen that the points lie on, or very close to, the corresponding 
Mass Law curves. 

The results at lo® are less satisfactory and have not been plotted in Figure 
2, since equilibrium was possiblj'^ not attained in this series of determinations. 
It should also be stated that the values of c/tto and ^t/tto in Table III have 
been rounded off as regards the third decimal. 



An interesting point is brought out by the curves shown in Figure 2. For 
small values of e/T©, particularly when e represents the excess of ammonia, 


whence 
and since 


e/ir© = I — tt/tt© (approximately) , 
e = IT© — IT (approximately) , 
P«ir+e, 

P« 7 ro (approximately). 


That is, the total equilibrium pressure obtained when the solid carbamate 
is in contact with vapor containing a small ‘relative^ excess of ammonia or 
carbon dioxide (e/tr© less than o.i) is approximately equal to the normal 
dissociation pressure of the pure C/arbamate. It follows from this that at high 
temperatures one may add a fairly large amount of ammonia or carbon dioxide 
to carbamate in contact with its vapor without causing any marked increase 
in the total pressure of the vapor. A glance at the values of P (Table II, 
Column s) show that such is the case at the higher temperatums when e is 
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small. As a matter of fact however, the Mass Law requires that P be a mini- 
mum when e is sero, as Briner^ has pointed out. 

For the purpose of comparison, values of e/Tr© and tt/wo computed from 
Horstmann's data have been plotted in Figure 3 on the same scale as that 
employed in Figure 2, the full black circles representing ammonia in excess, 
as before. It is evident that these values, all of which were obtained in the 
neighborhood of 20®, are not satisfactory, particularly when ammonia is 
present in excess, though the values with carbon dioxide are in better 
agreement with the theoiy. 

Isambert^s results have also been displayed in Figure 3, the values of 
c/tto and tt/tto having been calculated from the original data.^ A glance 
will suffice to show that these data, likewise, can hardly be looked upon as 
confirming the Mass Law. 

Isambert® at a later date reported results that were much more accur- 
ately obtained. Unfortunately the experimental data were not reported, 
but only values of tt© computed from the relation: 

^^^*|^2j^p2NH8.pC02 (10). 


Table IV 


Temp. 


34-0 

37-2 

41 .8 

46.9 
52.6 


Isambert's Data: Values of ^J/^^p^NIIapCOj 

iTo from 
Dissociation 
Curve 

129 CO2 

61 COj 

60 NHt 1 14 NHs in excess 

170 


167 

181 

165 

211 


206 

216 

204 

272 

268 

266 

27s 

274 

375 

372 

376 

378 


524 

522 

524 

526 



Present Data: Values of p CDs 


from 


Temp. 

160-180CO2 

34-39 COs 

55-59 NH, 

140-178 NHs 
in excess 

Curve 

20.0 

6t .9 

61.4 

61.6 

60.9 

62.0 

25.0 

88.2 

87.7 

88.5 

00 

00 

b 

89.0 

300 

124.5 

124.8 

125 -S 

125.0 

125-5 

35-0 

174.5 

174-9 

175-9 

176.8 

176.2 

40.0 

242.7 

243 -S 

243-7 

243-7 

244.4 

450 

333.2 

333-0 

333-8 

332.9 

334-5 


^ J. Chim. phys. 4 , 276 (1906). 

* Compt. rend. 93 , 731 (1881); Oatwald: “Lehrbuoh'^ II (2) 523. 
« Compt. rend, 97 , 1212 (1883). 
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In Table IV are recorded Isambert’s values of Vo calculated from Equation 
(io),and for comparison some values computed in a like manner from the data 
obtained in the present investigation, by employing the same equation. It 
should be noted that the values of Kp=p*NH3 pC02(taken from Column 8 
of Table II) have been reduced to the proper temperature by adding a 
correction ascertained from the temperature variation in the values of 
4/*7irJ recorded in Column g of Table II. The values of tto have been 
computed from determmations in which either carbon dioxide or ammonia 
was in excess as stated. All values are expressed in mm. 

These later determinations by Isambert agree much more closely with 
the Mass Law, and in some cases remarkably so. l^everthcless Isamtert’s 
calculated values of tto differ among themselves rather widely, much more so 
than do the values of Vo computed from the equilibrium pressures in this 
investigation, though the latter values in general are slightly smaller than the 
normal dissociation pressures obtained directly with carbamate alone. 

Briner’s data have not been considered because they were obtained at 
rather high temperatures and are not very numerous. They can be regarded, 
however, as approximately confirming the Mass Law. 

Sununary 

(i). Previous investigations of the ammonium carbamate equilibrium 
from the point of view of the Mass Law have for the most part yielded incom- 
plete or unsatisfactory results. 

{ 2) . 1 he ammonium carbamate equilibrium has been studied at low pres- 
sures and at several temperatures between 10° and 45°. 

(3) . The dissociation pressures of pure ammonium carbamate have been 
redetermined with great care between lo” and 45°. 

(4) . Except at the lowest temperature employed, the ammonium car- 
bamate equilibrium has been found to conform to the Mass Law, within the 
limits of experimental accuracy. 

CnmeU Uvivenity 

March, 1994 



THE CATALYTIC ACTIVITY OF CARBONS PROM AROMATIC 
HYDROCARBONS AND SOME DERIVATIVES 


BY WALTER FARMER AND JAMES BRIERLEY FIRTH 

A study of the catalytic activity of cane sugar carbon relative do hydro- 
gen peroxide^ showed that the activity is influenced by the previous treat- 
ment of the carbon. Subsequently, it was shown^ that the influence of the 
previous treatment of the carbon upon the catal5rtic activity with reference 
to hydrogen peroxide manifested itself in the case of carbons prepared from 
ten carbohydrates other than cane sugar. The same authors* not only ad- 
duced evidence to show that the rate and extent of the catalytic decomposi- 
tion of aqueous hydrogen peroxide by pure sugar carbon is increased with 
rise of temperature, but also showed that the activity of the carbon decays 
during the reaction. This phenomenon was made clear when it was shown 
that the ^;imdamental difTerence in the activity of the carbons derived from 
carbohydrates manifested itself in the initial activity. This activity rapidly 
fell off after the first few minutes, ultimately becoming very slight, notwith- 
standing that the solution contained a considerable quantity of undecomposed 
hydrogen peroxide. In the same paper (loc.cit.) experiments were described 
in which cellulose carbon, after iodine treatment, exhibited a remarkable in- 
crease in the initial activity towards aqueous hydrogen peroxide, the concen- 
tration of the solution and the conditions of temperature remaining constant 
for all experiments. Thus, after heat treatment in a vacuum in a quartz 
flask at 6oo®C., one gram of cellulose carbon, in contact with 25CC. of hydrogen 
peroxide containing 311.2CC. of available oxygen, liberated 18.65CC. of oxygen 
in 3 minutes. After iodine treatment, one gram of carbon, in contact with 
25CC. of the hydrogen peroxide, liberated 76.4CC. of oxygen in the same time, 
all volumes being measured at N.T.P. 

Although inulin and rice starch carbons showed considerable increases in 
activity after iodine treatment, potato starch and wheat starch carbons were 
not appreciably affected. None of the carbons investigated exhibited an 
increase in the initial activity comparable with that of cellulose carbon. 

The present investigation on the catalytic activity of carbons derived from 
aromatic compounds was, therefore, undertaken in order to ascertain the 
differences in the initial activity (if any) exhibited by the various carbons; 
to study the effects of iodine treatment on the relative magnitudes of those 
differences; and to determine the influence (if any) of the presence of halogen « 
nitrogen, or sulphur in the original compound. 

^ Firth: J. Soc. €hem. Ind. 42 , 242T (1923). 

* Firth and Watson: J. Soc. Chem, Ind. 42 , 371T (1923). 

• J. Ohem. Soc. 123 , 1750 (1923). 
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Experimental 

N/ lo-solutionfi of iodine in ehloroform prepared as in the preceding study 
were used in all experiments. 

An aqueous solution of hydrogen peroxide containing 3 21. see. of available 
oxygen (measured at N.T.P.) was employed in all cases. 

Two series of experiments were carried out in which the carbon, prior to 
treatment with the hydrogen peroxide solution, was activated by one of the 
following methods 

(I) The carbon was heated in a vacuum, in a quartz tube, at goo°(\, for 
two hours, and then allowed to cool in a vacuum. 

(II) The carbon previously treated as in (I) was allowed to stand in 
contact with a N/io solution of iodine in chloroform, in the proportion of one 
gram of the carbon to 25CC. of the standard iodine solution. The carbon was 
filtered off after 24 hours, transferred to an evaporating dish, and gently 
heated until iodine vapours were no longer evolved. It was then digested with 
alcoholic potash, filtered off. washed with boiling distilled water until the 
filtrate remained clear on addition of silver nitrate solution, then washed with 
alcohol, dried, and finally heated as in (I) above, prior lo treatment with the 
hydrogen peroxide solution. 

One gram of carbon was ('arefully \veighed out into a small flask; 25CC. 
of the hydrogen peroxide solution was measured out info a flat-bottomed 
tul^e, and the tube placed inside the flask. The flask wns then (mineoted with 
a gas burette, and the hydrogen peroxide brought into contact with the car- 
bon by tilting the flask. Accumulation of gas in the licpiid was prevented by 
rapid agitation. 

The experiments were all carried out at i 8 °(\ 

The volumes of oxygen liberated were recorded at. intervals ranging from 
thirty seconds to half an hour according to the velocity and stage of the reac- 
tion. 

A series of blank experiments with hydrogen peroxide alone gave an aver- 
age yield of 0.25CC. of oxygen in 3 hours. The volumes of oxygen recorded 
were con’ect^d to N.T.P., and the Table given below shows results typical 
of all observed throughout the expi^rimeiits. 

The reaction velocity coefficients corresponding to the corrected volumes 
of oxygen observed at the several stages of the reaction arc included in the 
Table, and are calculated from the equation for a unimolecular surface reac- 
tion dx/dt = K(a— x) to the Naperian base, with the minute as unit of time. 

The complete results of all observations for the experiments of series I 
and II are represented graphically in Figs. 1 and 2 respectively, whilst a sum- 
mary of results with the corresponding velocity coefficients is given in the 
following table. (Table I). 
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r/M£ /NM/AfUT£S 


Fto I — Carbon not Treated with Iodine 
1 Metanitraniline ; II dmhen^lamine; 111 thiocarbanilide: IV Para- 
toluidine; V anthracene; VI aniline; VII metadinitrobenzene: VIII naph- 
thalene; IX pjTidine; JC alphan^hthylamine; XI TOonochlorobenzene; 
XII xylene and salicylic acid; Xlll benzene, ttirpentine and camphor: 
XTV toluene and benzoic acid; XV phenol, alpha and beta-naphthol and 
resorcinol. 




CATALYTIC ACTIVITY OF CARBONS 


1139 



F'ltj 2 — Carbon Treated with Iodine 
I Diphenylainine; II thiocarbanilide; 111 aniline; IV alphanaphthy- 
Uimine; V anthracene» metanitraniline and paratoluidine; VI pyridine; 
VII metadiniti'obenzene; VIII resorcinol; IX salicylic acid; X Tuipentine; 
XI benzene; XII camphor; XIII benzoic acid; XIV naphthalene. XV 
beta-napthol; XVI monochlorobenzone; X\n[I phenol andalpha-naphthol; 
XVIII xylene; XIX toluene. 
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Table I 


Time in 

Hearted in vacuum ai 900® 
Volume of 

KXio* 

Iodine treatment 
Volume of KXio® 

Minutes 

3 

Ox>^gen(cc.) 

0.8 

BENZENE 

0.400 

Oxygen (cc.) 

10.4 

4. 767 

6 

1-5 

0.350 

15*4 

3-567 

9 

1.9 

0.289 

19.4 

3,011 

30 

4-5 

0.203 

42.6 

2.060 

6o 

7-3 

0. 167 

67.4 

1-703 

X20 

12.5 

0.143 

102.7 

^-393 

i8o 

17-4 

0.134 

131.8 

1-273 

240 

21 . 8 

0. 127 

154-4 

1 . 184 

3 

1*7 

TOLITB^E 

0.767 

i.g 

0.800 

6 

1.8 

0.400 

2 . 1 

0.467 

9 

2 . 1 

O.311 

2.7 

0.41 T 

30 

4.2 

0. 190 

6.0 

0.273 

60 

70 

0. 160 

9-4 

0.215 

X20 

II .8 

0.135 

15. I 

0 . 174 

180 

14.2 

0. 109 

22 I 

0. 172 

240 

17.6 

0. 102 

27 2 

0. t6o 

3 

3-4 

XYLENE 

I 567 

3 5 

1 .600 

6 

5*0 

I 133 

5 7 

1.300 

9 

6, 1 

0.922 

7-2 

1 . 100 

30 

9.1 

0.413 

17.0 

0.787 

60 

ii -5 

0,263 

24.0 

0.562 

120 

17.6 

0,204 

35.4 

0.422 

180 

22.5 

0.175 

46.9 

0.381 

240 

27.9 

0. 164 

58 8 

0 366 

3 

8.3 

NAPHTHALENE 

3,800 

10.6 

3.867 

6 

12,9 

2.950 

15.6 

3.600 

9 

16.6 

2.556 

20.0 

3.267 

30 

34-5 

1.643 

37-8 

r .810 

60 

51. 1 

r.253 

54-8 

I -353 

120 

72. 1 

0.919 

76.7 

0.987 

180 

91 . 2 

0 . 805 

95 • 5 

0.856 

240 

106.5 

0. 728 

TI 2. 7 

0.781 

3 

10.9 

ANTHRACENE 

5 . 000 

73.0 

37-267 

6 

ns 

4.050 

JI9.O 

33-450 

9 

22 . 2 

3.455 

1430 

28 . 400 

30 

59.2 

2.947 

240. 9 

0.030 

60 

88.6 

2.333 

274-0 

13.842 

120 

121 .2 

^•713 

286. 1 

7-985 

180 

145*5 

T.454 

291.4 

5-714 

240 

165.6 

1.310 

295 8 

4-572 
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Table I — Continued 

Heated in vacuum at 900® Iodine treatment 


Time in 

Volume of 

KXio* 

Volume of 

Kx 10* 

Minutes 

3 

Oxygen (cc.) 

4.5 

MONOCHLOROBENZENE 

2.033 

Oxygen (cc.) 

5-2 

2 367 

6 

5.8 

i‘ 3 i 7 

7-2 

1.650 

9 

7.3 

I . Ill 

8.8 

1-333 

30 

13.8 

0.587 

19-5 

0.907 

60 

19-5 

0.453 

30.9 

0.732 

120 

30*4 

0 360 

44.6 

0 -.S 41 

180 

40.2 

0.322 

57-6 

0.476 

240 

514 

0-315 

70.4 

0.447 

3 

10.4 

METADINITROBENZENE 

4.767 

25.2 

11-833 

6 

14.8 

3*417 

40.7 

9.800 

9 

18.9 

2 . 922 

55-2 

9.089 

30 

37 I 

1-777 

121.8 

6.890 

60 

53-5 

1.318 

170.6 

5.477 

120 

80.6 

I 045 

216.9 

4.064 

180 

102.3 

0.924 

229.5 

3 019 

340 

122.8 

0.870 

236.2 

2 401 

3 

12.3 

ANILINE 

5*633 

99-1 

53-333 

6 

19.7 

4*583 

148.3 

44-783 

9 

24.8 

3.878 

178.1 

38-967 

30 

50 - 1 

2.453 

264.0 

24.917 

60 

72.7 

1*855 

283.0 

15-362 

120 

101.3 

1*370 

29^ *5 

8.584 

180 

127.0 

1 213 

294.9 

6.013 

240 

149.9 

1.136 

296.3 

4.608 

3 

6. T 

PARATOLUIDINE 

2.767 

87.9 

46.233 

6 

9.8 

2 . 233 

134.5 

39.233 

9 

139 

2.133 

1 66 . Q 

35.333 

30 

41.5 

2.000 

246.3 

21.033 

60 

75-9 

1.048 

273.6 

13.782 

120 

118.9 

1.671 

286.8 

8 . 058 

180 

148. 1 

1.490 

291.3 

5 • 707 

240 

168.8 

1.348 

293.6 

4.423 

3 

6.9 

ALPHANAPHTHYLAMINE 

3 • 167 

91 .8 

48.667 

6 

10*5 

2.400 

140. 1 

41.433 

9 

13-6 

2,089 

175-9 

38.222 

30 

28.5 

1-343 

251.6 

24.327 

60 

39-8 

0.957 

264.4 

12.510 

X20 

S 9-9 

0.747 

27s -5 

7.037 

180 

77-4 

0.664 

279.4 

4.90s 

240 

92.9 

0.617 

281,5 

3-771 
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Table I — Continued 

Heated in vacuum al 900® Iodine treatment 


Time in 

Volume of 

KXio* 

Volume of 

KXio« 

Minutes 

3 

Oxygen(cc.) 

63 -9 

metanitraniline 

32.100 

Oxygen (cc.) 

75-0 

38.467 

6 

88.9 

23 -433 

114.6 

31.900 

9 

106.9 

19.511 

1470 

29.489 

30 

193.0 

13-277 

246.0 

20.977 

60 

242.8 

10. 187 

276.2 

14-185 

120 

277-3 

7. 182 

286.3 

8.006 

180 

282.9 

5114 

289.9 

5-597 

240 

286.7 

4.023 

293 ‘4 

4.410 

3 

34.4 

DIPHRNYIi AMINE 

16.367 

130.9 

75.700 

6 

50.8 

12.450 

180.7 

59-883 

9 

67.7 

JI .411 

224.8 

57.978 

30 

142.0 

8.437 

289.4 

33*357 

60 

196.9 

5.862 

293.8 

17-745 

120 

239 s 

4 ‘945 

295-9 

0.158 

180 

250.0 

3.627 

297.0 

6.211 

240 

255-9 

2.876 

298.5 

4-773 

3 

17.8 

THIO CARBANILIDE 

8.267 

140.4 

90.500 

6 

29.2 

6.900 

208.7 

75.833 

9 

38-9 

6 233 

237-9 

65.000 

30 

84.9 

4.440 

275-7 

28.210 

60 

126.2 

3.610 

278.6 

14.578 

120 

175-7 

2.863 

281.5 

7.543 

180 

294.7 

2.443 

284.7 

5.230 

240 

221 .8 

2 . 1 19 

289.0 

4. 147 

3 

1-3 

PHENOL 

0.600 

3.6 

1.633 

6 

1-5 

0.350 

6.0 

1.367 

9 

1-7 

0.256 

7-3 

I . Ill 

30 

30 

0.137 

20.0 

0.930 

60 

4.8 

0. 108 

29.8 

0.705 

120 

7.4 

0,085 

44.0 

0.533 

180 

Tl .0 

0.084 

55-9 

0.461 

240 

14. I 

0.081 

66.0 

0.416 

3 

I . I 

ALPHANAPHTHOL 

0.533 

3.8 

1 . 700 

6 

1.6 

0.367 

5-8 

1-317 

9 

2.1 

0.311 

7-1 

1.078 

30 

3-4 

0.157 

15-7 

0.727 

60 

S-O 

0.II3 

25.3 

0.593 

120 

7*5 

0.086 

40.1 

0.483 

180 

10.4 

0.079 

55-1 

0-453 

240 

13.0 

0.075 

68.4 

0-433 
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Table I — Continued 

Heated in vacuum ot 900 ° Iodine treatment 


Time in 
Minutes 

Volume of 
Oxyjten(cc.) 

Kx 10® 

BETANAIHTHOL 

Volume of 
Oxygen (cc.) 

Kxio* 

3 

1 . 2 

0.567 

6.7 

3 067 

6 

1-5 

0.350 

JI .5 

2 ■ 633 

0 

1.8 

0. 267 

^54 

2 378 

30 

2.7 

0. 123 

33-0 

I - 567 

60 

4.2 

0 095 

49.9 

I . 222 

120 

7.2 

00 

0 

d 

75*6 

0.970 

180 

10. 2 

0.078 

94. 1 

0 

00 

d 

240 

13 - 1 

0.075 

RESORCINOL 

III. 8 

0 77 ^ 

3 

I . I 

0 533 

24.6 

*1 533 

6 

T .6 

0.367 

39 0 

0.367 

g 

2.0 

0.300 

49.4 

9 044 

30 

3-0 

0 137 

96.3 

5 153 

60 

4.6 

0 105 

134-3 

3 915 

120 

7-4 

0.085 

178 3 

2 928 

180 

10.4 

0.079 

205.3 

2-455 

240 

13 - * 

0.075 

BKNZOK’ ACID 

226 0 

2. 197 

3 

1 .0 

0.467 

7 7 

3 533 

6 

1.9 

0.433 

12.4 

2.850 

9 

2.3 

0 344 

16 3 

2 544 

30 

4.3 

0.193 

33.9 

1 f ) 1 3 

60 

5-8 

0 132 

53 7 

« 323 

120 

9.3 - 

0. 106 

81 I 

* 053 

180 

12.5 

0 096 

102.1 

0.922 

240 

15.8 

0.091 

SALICYLIC ACID 

121 0 

0 855 

3 

1*5 

0.700 

19.0 

8 833 

6 

2.0 

0.450 

30.4 

7 . 200 

9 

2 . 6 

0.400 

39.1 

6 . 267 

30 

5^7 

0. 260 

79.1 

4.090 

60 

9-3 

0.212 

116.2 

3-247 

120 

159 

0.183 

172 . i 

2.773 

180 

22 . 7 

0 177 

21 1 .0 

2-577 

240 

28.2 

0.166 

TURPENTINE 

239-7 

2.477 

3 

2 . 2 

T .000 

20.4 

9-500 

6 

2^5 

0.567 

30.3 

7.167 

9 

3-5 

0.533 

36 s 

5.822 

30 

4.8 

0.217 

71.7 

3.653 

60 

7.0 

0. 160 

108.4 

2.977 

120 

12.0 

0. 138 

162.3 

2-544 

180 

15. 1 

0. 116 

200.7 

2.362 

240 

19.9 

o.iis 

225,0 

2 . 178 
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Table I — Continued 

Heated in vacuum at 900® Iodine treatment 


Time in 

Volume ot 

KXio» 

Volume of 

Kxio* 

Minutes 

Oxygen(oc.) 

CAMPHOR 

Oxygen(cc.) 


3 

2.1 

0-933 

10.5 

4.800 

6 

3-3 

0.750 

16.4 

3-800 

9 

3-7 

0.556 

21 . 1 

3-278 

30 

7.0 

0.320 

43.7 

2.113 

60 

9*3 

0.212 

63.8 

1.602 

120 

14.4 

0.167 

90.6 

I . 198 

180 

18.6 

0.144 

112.7 

I. 041 

240 

23.0 

0.135 

134*3 

0.979 



PYRIDINE 



3 

6.6 

3 033 

49.2 

24.033 

6 

10.4 

2.383 

82.8 

21*550 

9 

14.0 

2.156 

113*2 

20.944 

30 

309 

1-463 

214.2 

15.887 

60 

44‘4 

1.07s 

259.7 

11.937 

120 

65.7 

0.828 

282.0 

7.588 

180 

86.4 

0.755 

288.2 

S-471 

240 

104.0 

0.707 

2Q2 .8 

4372 


Discussion of Results 

After heating in a vacuum for two hours, at goo^C., the different carbons 
exhibit a graded variation in activity relative to hydrogen peroxide. This is 
most marked in the case of metanitraniline and diphcnylamine carbons, and 
least for the carbons derived from phenol, alpha-, and bcia-naphthol, and 
re.sorcinol, these showing approximately similar activity. Of the carbons 
obtained from aromatic hydrocarbons, that from anthracene shows the highest 
activity, and those from benzene and turpentine the least. 

Pyridine carbon shows an activity considerably higher than benzene car- 
bon, and only slightly less than that of naphthalene carbon. The activity of 
monochlorobenzene carbon is higher tlian benzene carbon, and the same is 
true of thiocarbanilide carbon with respect to carbon from aniline. 

An interesting feature of the results is that, in addition to the cases already 
mentioned, carbons derived from the following pairs of substances show simflar 
catalytic activity: — (a) toluene and benzoic acid, (b) xylene and salicylic 
acid, (c) anthracene and paratoluidine, (d) turpentine and camphor. 

Whilst, in this series of experiments, carbons derived from amine bases 
show the highest activity, and those from phenolic substances the least activ- 
ity, there is not sufficient evidence to show" to what extent (if any) the activity 
is enhanced by nitrogen on the one hand, and diminished by oxygen on the 
other; or, indeed, whether any influence on the catal3rtic activity of the car- 
bons is to be attributed to the elements themselves, or to the amino-, and 
hydroxyl-groups in which they occur. 
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The results of the second series of experiments indicate that previous 
sorption of iodine produces a marked increase in the activity of all the carVjons, 
with the exception of toluene and naphthalene carbons Very considerable 
increases in activity are exhibited by the carbons obtained from aniline, an- 
thracene, paratoluidine, thiocarbanilide, and alphanaphthylamine. Cf the 
carbons derived from phenolic substances, that from resorcinol shows the 
highest activity, while phenol, and alpha-naphthol carbons show^ the least 
activity. Salicylic acid carbon shows a much higher activity than benzoic 
acid carbon, and the same may be said of turpentine carbon with reference 
to camphor carbon, and of benzene carbon with respect to monochlorobenzene 
carbon. 

With the exception of anthracene carbon, the carbons showing the highest 
catalytic activity are derived from substances containing basic nitrogen, with 
sulphur in addition, in the case of carbon from thiocarbanilide. 

From a study of the catalytic decomposition of hydrogen peroxide by 
blood charcoal, Firth and Watson^ showed that the effect of the various 
methods of activation is confined to the initial reaction. 

The l)lood charcoal, purified by digestion for a month w ith aqua regia, and 
subsequent washing with boiling distilled water until the filtrate showed no 
indication of iron with potassium sulphocyanide solution, was activated by 
one of the following methods: — (I) by heat treatment at 6oo®C\;(II) by heat 
tixjatment at goo%\: (III) by heat treatment as in (I), iodine treatment, 
and then heat treatment as in (I): (TV) by heat treatment as in (II), iodine 
treatment, and then heat treatment as in (II). In each experiment, 2500. of 
hydrogen peroxide solution containing 242 5CC. of available oxygen (measured 
at N.T.P.) was used with 0.25 gram of the activated charcoal as catalyst. 

An examination of the results obtained showed that during the first thirty 
seconds, the percentage of hydrogen peroxide decomposed by the charcoals 
activated by methods I., II., III., and IV., respectively, was 9.32, 9.68, 17. i, 
and 25.13, whilst after twelve minutes the values were very similar in all 
cases. The corresponding velocity constants for the first thirty seconds were 
85.00, 96.40, 162.60, and 258.80, respectively. After twelve minutes they 
were 37.94, 41.33, 41.51, and 42.13, whilst after 60 minutes, when 74.5 per 
cent, of the hydrogen peroxide had been decomposed by each charcoal, they 
w^ere reduced to approximately the same value, the respective constants being 
9-33» 9*56, and 9.91. 

The velocity coefficients for imactivated blood charcoal were 10.2 for 
thirty seconds, and 9.4 for one minute. 

From these results the authors concluded that the extent of the decompo- 
sition is not determined by the initial activity, because charcoals of widely 
different initial activities approach similar values after about thirty minutes. 

The authors, therefore, put forward the view that the catalytic activity 
of the blood charcoal is of two types, one, a very rapid activity w^hich decays 


‘Trans. Faraday Soc. 19 III, No. 57 (1924). 
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after a few minutes, and the other a much slower activity which persists for a 
much longer period. Both forms may be increased by activation methods. 
These two types of activity have been termed, alpha, and beta activity, re- 
spectively. Unactivated blood charcoal does not show alpha activity. Pro- 
vided that the alpha activity is not suflScient to bring about complete decom- 
position of a hydrogen peroxide solution of given strength, it is the beta 
activity which determines the limit of decomposition. 

In the present investigation, a study of the results obtained from the 
experiments of series II shows that in their activity towards hydrogen perox- 
ide the various carbons may be arranged in three groups: — (a) carbons ex- 
hibiting a rapid initial, or alpha activity, followed by a very slow beta activity: 
(b) carbons showing little or no alpha activity, and whose activity is almost 
entirely of the beta type: (c) carbons possessing the two types of activity 
without the pronounced demarkation between the alpha and beta activities, 
as exhibited in (a). 

With the exception of metanitraniline, naphthalene, and toluene carbons, 
the combined effect of the alpha and beta types of activity is to increase the 
percentage decomposition of the hydrogen peroxide solution, and this is 
clearly shown by a comparison of the velocity coefficients for the carbons 
activated by the methods employed in the experiments of series 1 and II. 
In no case, however, is there complete decomposition of the h3’^drogen peroxide 
in a reasonable time. 


Summary 

1. The carbons derived from various aromatic compounds show' a graded 
activity relative to hydrogen peroxide when activated by heat treatment in 
a vacuum, at goo°C. 

2. The activity of the majority of the carbons is considerably increased 
by previous sorption of iodine from chloroform solution. 

3. The carbons exhibiting the highest initial activity are, in the majority 
of cases, derived from compounds containing basic nitrogen. 


University College^ 
Nottingham. 



PRELIMINARY EXPERIMENTS ON FEATHER PIGMENTS^ 


BY WILDEH D. BANCROFT 

The experiments described in this paper were made by Mr. J. R. Adams. 
The Ipigment in the feathers of the Cock of the Rock was extracted with 
alcohol and some dyeing tests were made with the yellow solution. In a 
slightly acid solution wool was dyed yellow; in a neutral solution wool was 
dyed a paler yellow; and in a slightly alkaline solution no perccivabkj color 
was imparted to the wool. Silk was also dyed yellow in a slightly acid solu- 
tion, while cotton was not dyed at all. Alumina from aluminum was colored 
yellow. The pigment therefore lx*haves like an a(‘id dye. Ihe pigment can 
also be extracted from these feathers by means of a hot sodium carbonate 
solution. 

In the next s('t of experiments, the skin of a cardinal was obtained from 
Professor Arthur A. Allen. The feathers were removed and washed with 
water to remove such dirt aKS could be removed. Treatment with a sodium 
oleate solution removed the color completely, leaving a perfecdly white feather; 
))ut no good way was found to separate the dye from the sodium oleate solu- 
tion. If acid is added, the color is throwTi down as a reddish brown precipitate. 
The feathers were therefore extracted with alcohol, and a yellow solution was 
obtained having apparently just the same color as the corresponding extract 
of the feathers of the Cock of the Rock. The pigment comes out readily at 
first and then more slowly and the feathers always retained a certain reddish 
tinge. This residual color seems to Vx? the characteristic pink, which difTeren- 
tiates the cardinal feathers from those of the C ock of the Rock. 1 he dyeing 
experiments came out exactly like the preceding ones. 

Diffu>sion experiments with the two pigments in acid, basic, and neutral 
solutions gave the same results, and it was also found that the pigment could 
l>e extracted from the cardinal feathers w ith a hot sodium carbonate solution. 
The absorption bands were determined roughly for each .solution spectro- 
scopically and the solutions seemed praetieally identical. Some experiments 
wTre also made as to the fading of the colors on exposure to light. Feathers 
from the Cock of the Rook and from the cardinal w ere placed in a Fadeoineter. 
The feathers from the Cock of the Rock changed in a few’ hours to yellow and 
then to w’hite. The feathers from the cardinal took a much longer time to 
fade but the change was to a dark yellow and then to w'hite. 

In both cases the solutions leave an orange-red residue if allow^ed to evapo- 
rate at room temperature. It seems probable therefore that the pigment in 
the feathers of the Cock of the Rock is substantially identical with that in the 
feathers of the cardinal, though it is not proved that the identity may be only 
in the extracted pigments, 

* The investigation upon which this article is based was supported hy a grant from 
♦he Heckscher Foundation for the Advancement of Res(»arch, estaolished by August Heck- 
scher at Cornell University. 
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The question arises, however, why a red pigment should dye yellow . There 
are two possible answers. The red pigment may be decomposed into a yellow 
pigment during extraction, or the red and yellow pigments may be identical 
chemically, the difference being purely a question of at^regation. We know 
that ferric oxide (rouge) and potassium ferricyanide are red in coarse crystals 
and are yellow when very finely divided. It is not possible at present to de- 
cide between these two hypotte-ses; but it is interesting to note that an orange- 
red precipitate was obtained when the solutions evaporated, which should 
not be the case if the red pigment had decomposed. 

When the red feathers of the red-headed woodpecker are extracted with 
alcohol for ten hours, they change to a light shade of gold, and the red feathers 
of the red-winged blackbird change to 3’-ellow under the same conditions, after 
which there is practically no further extraction. In the case of the fruit pigeon, 
the yellow was extracted completely in ten hours; but the red was not affected 
at all. 1 he red of the scarlet tanager is extremely resistant to alcohol and so 
is the brown of the canvas-back duck. 

It seems probable that there are at least two groups of red or yellow colors, 
those which are extremely resistant to alcohol and those which are not. Ihere 
is no doubt as to the apparent difference between them ; but it is of course 
possible that there is some other substance present in the feathers in one set 
of cases which acts as a mordant and retards extraction. Ihere seems also 
to be a very distinct relation between the resistance to extraction by alcohol 
and the resistance to fading in light. The brown of the canvas-back duck and 
the red of the scarlet tanager are practically fast to light. The yellow Toucan 
feathers bleach in six hours in the Fadeometer and the red changes to a brown 
which bleaches on a longer exposure. Both colors come out readily with alco- 
hol. With the fruit pigeon the yellow faded rapidly while the red did not. 
The feathers of the Blue and Yellow Macaw were exposed in the Fadeometer 
for 105 hours, at which time the orange had changed to a yellow which was 
not removed by further exposure. On extraction the orange changed to a 
lemon-yellow, which could not be extracted. On the other hand the j’ellow 
of the golden pheasant can be extracted in about sixteen hours and fades in 
less than fifteen hours. 

If one wished to make three classes, one could take the toucan, golden 
pheasant, and cardinal as having pigments which fade readUy and which arc 
easily extracted with alcohol. The feathers from the fruit pigeon, the blue 
and yellow macaw, and the yellow-headed Amazon parrot fade slowly and 
the pigment can only be extracted slowly. The black of the crow, the brown 
of the canvas-back duck, and the red of the scarlet tanager do not fade at all 
and are almost impossible to extract. 

It is well known that the reds of the bronze-headed trogon and of the 
flamingo are extremely fugitive to light. No experiments have been done 
with these to determine resistance to extraction by alcohol. 
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Lloyd- Jones,’ is evidently of the opinion that reds and yellows in feathers 
are identical chemically. ^‘Among self-colored birds the colors red and yellow 
are perfectly distinct. Even the lightest reds and the darkest yellows an* 
easily placed in their proper class. In appearance these colors bear the re- 
lation to each other of dilute and intense conditions of the same pigment 
material. That yellow is a dilute condition can be demonstrated by even n 
hasty examination of the feathers, and the fact is farther borne out to the 
degree of certainty by a comparative chemical study of the two differeni 
kinds of feathers. Microscopically, the V^Uow* pigment is seen to be far 
more sparsely distributed than in reds. Often uiuler strong light the pig- 
ment in the barbules is almost imperceptible 

‘‘The crucial difference between yellow and nul, however, has not yet been 
mentioned. It is concerned with the nature and form of the pigment granules. 
As shown above, the pigment in reds exists as di.stinct, clear-cut, spherical 
granules, typically 0.3/Lt in diameter. No such spheres have ever been found 
in yellow feathers, in the course of my work. The pigment exists as irregular 
formless clumps, or agglomerations. These blotches of pigment apix^ar finely 
granular in nature; but are so fine that discrete particles are beyond the* 
limits of a 18 mm oil immersion objective. This difference between reds and 
yellows is sharp and is constant. When minute patches of reddish pigment 
are present on a dun, black, or white feather, it is frequently difficult or im- 
possible by gross ('xarnination to classify the color as red oj yellow*; but 
miscropic study of such areas serves unfailingly to distinguish the colors h\- 
virtue of the morphological difference above (iited.'^ 

On a later page Lloyd- Jones draws the following conclusions;-* 

1. There is a red-brown pigment substance which produces the colom red 
and yellow in tumbler pigeons. 

2. In red birds this pigment always exists as spherical granules, which are 
in ‘typical red' about 0.3/i in diameter: but in ‘plum color’ they an* 2.0^ or 
more in diameter. 

3. In yellow\s the pigment is so finely divided that its granule form cannot 
1 h^ determined. 

It is possible that these generalizations apply only to the material studied 
by Lloyd- Jones; but they arc certainly interesting and they may turn out 
to be quite general, though it is rather to be exf)ected that different yellow^s— 
and consequently reds — will show^ up differently under the microscope. 

The general conclusions of this paper are as follows: — 

I. Some reds and yellows are very resistant to extraction with alcohol 
while others are not. Those reds and yellows which are not easily extracted 
by alcohol are pretty fast to light and the converse seems also to be true. 


’J. Exp. Zoology, 18 , 464 (1915)- 
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2. When extracted by alcohol, the red and the yellow pigments give 
yellow solutions which are apparently identical. It is not known whether the 
red pigment is converted into a yellow one at the time of extraction or whether 
the red pigment differs structurally from the yellow one in being coarser, just 
as we know is the case with red and yellow mercuric oxide, ferric oxide, and 
potassium ferricyanide. 

3. The extracted pigment behaves like an acid dye liecause it does not 
dye cotton direcit and dyes wool most strongly in an acid bath and least 
.strongly (or not at all) in an alkaline bath. It is also taken up to some extent 
by alumina 

Contell V/iirersily 



THE CAL(TT.ATION OF (iAHEOUS EQITLIRRJUM (X)NSTANTS 


ItY SIDNEY WALTKK SAI NDKHS 


Introduction 

The object of this pa[)(‘r is to analyse th(‘ existing ilata on the molecular 
heats of gases, heats of reaction, chemical an<l equilibrium constants for well 
known reactions involving carbon, hydrogen, oxygen and nitrogen, and to 
come to a decision as to th(‘ best values for these constants. From these data, 
it should then be possible to calculate the (H|uilibrium constants of reactions 
for which experimental data are scanty, and for reactions taking place at 
high temperature's. The conclusions reached .should be' of practical value for 
the^ study of the gas leactions occurring in prodiu'er and coal-gas manufacture, 
in the detonation of high e'xplosives. edc. Ihe calculations are confined to the 
key redactions Ix'tween substance's (*ontaining (*arbon, hydrogen, oxygen and 
nitrogen. 


Calculation of Gaseous Equilibrium Constants 

Ihere are two general methods for the th(H>retical caleailation of ('(|uilil>- 
rium ('onstants. 

Ihe first is by inte'gratiein of the van’t Heiff (equation 

ir RT= 


where K,, is the* equilibrium constant expressed in partial [m'ssures, and (i,, i.'^ 
the* heat evolved in the reaction freun left to right at tlie temperature* K, 
and the* determination of the inte'gration (‘emstant there'by introduced. Nernst 
found that, making certain assumptiems, this constant was the .sum of values 
charae't eristic of each .sub.*itance participating in the r(*actie>n, to which he 
gave the name che*mical constant. These chemical constants can be e'valuated 
from vapour pres.sure measureme*nts and from other physical elata in a semi 
eanpirical manner. Other weirkers determine Ihe integratiem constant from 
one or more determinations of the equilibrium constant, this method being 
employed by (i. N. Lewis and his co-workers', for the calculation cf free 
energies. 

The second method is based on the fact that 

K-ki/k. 

Where K is the equilibrium constant, and ki and ko are the velocity constants 
of the direct and reverse reactions, and thus obviates the need for the deter- 
mination of any integration constant, l^nfortunately, theoretical methods 
for the calculation of the velocity constant are uncertain, and in most cases, 


^ Sec Ijcwis and Itandall; “ThermodynamicH*’ ( 1922 ). 
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data are wanting to test them. On this basis, and with some assumptions, 
Dushman^ obtained equations for the calculation of equilibrium constants, 
which give approximate values, although they no claim to strict validity*'. 


Equation for the Equilibrium Constant 

Consider the reaction 


Til ai + n2a2 + . . . + Ai + V 2 X 2 + . • . i?iini'ah + n2^a2^ + • ♦ . + + J's' 

A2^+ ... (^) 

where n and a refer to solids, and v and A to gases. 

Then if Qp is the heat evolved at T"* K and at constant pressure in the reac- 
tion from left to right, we know that 

dQp = y'(2:n + Sv) • Cl dT ( 2 ) 

where ('p is the true molecular heat of each substance at T° K, and when* 
(2n + 2p) Cp refers to the algebraic sum (reactants positive, and resul- 
tants negative), of the number of rnols of each substance concerned in the 
equation multiplied by its Cp 

Let + 2/8T + 37T2 + . . . (3) 

where a, /3 and y are constants. 

Then the mean molecular heat at constant pressure l)etween ()®K and T'^K 
is given bv 

- « + i8T + 7T‘-^+ ... (4) 

For solids, a, /3, 7, . . . are replaced by a, b, c, . . 

By integrating equation (2) we get 

q)’ - (Sna + 2 pa)T + (2nb + + tSne + 2»^7)T3 + . . + Q.. 


where the integration constant, Qo, is the value of Qp at O® K. 


Now, if Kp = 


Pii'. 


n 


A ^2 


Pa> 


Pai 


fs) 

( 6 ) 


where p* . is the partial pressure of A . . . 
the van’t Hoff Isochorc states that 




9 jl 

RT» 


On integration, 
0 , 
HT 


In K„ = - 


(Siia + Xva) (Sub + S^jS) 


R 


hiT - 


R 


T 


(7) 

( Sue + "Zv y) 
2R 


T* - ... - (’onst.. (8) 

On applying the Nernst theorem, this Constant = SvC (9) 
where Si'C is the algebraic sum of the so called “Conventional Chemical 
Constants” of Nernst. The numerical calculation of this constant for each 
substance involves assumptions with regard to molecular heats of gases and 


J. Am. Chein. Soc. 43 , 397 (1921). 
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of latent heats of vaporisation at 0 “ K. There are, however, approximate 
empirical methods for its calculation, which are based on critical data, boiling 
point, and the latent heat of vaporisation at the boiling point. 

Equation ( 8 ) cannot be used, since Qo. a, b, c, a, jS, 7, . . .are unknown; 
hence, any calculations for the determination of InKp must, because of in- 
sufficient data, be empirical. However, by taking the experimental results 
for and extrapolating to 0 ° K, we can get an approximate expression 

forCj-T. 

Let this equation be 

« a‘ + j 3 *T -b 7*T*, for gases, (10) 

and C>p'^ '^- = a* +b ‘T + c'T®, for solids. (ii) 

Then, as before, 

Qj = (2ua* + SKa‘)T + (2ub‘ -t- 2 »/^‘)T* + (2uc> + 2 jo'‘)T» + Q‘o 

(12) 

where Q*o is an integration constant. 

Equation (8) then becomes, when combined with equation (9), 

. Q*« (2ua‘ + 2ea>) , ^ (2ub‘ -|- 2./0‘) ^ (2uc«+2n'‘) 

- ~m- S R M 


^ sk:. 


(13) 


The justification for this procedure can be shown as follows. 

If we assume for each substance, a' — x « and jS' = y /3 where x and y 
are constants, it can be shown that, neglecting the term, whose weight in 
equation (13) is small, the difference between the true InKp and the value 
given by equation (13), i.e. 


lnK„ - InK'p - + I„t) 



(The value of Q‘o is deduced from the value of Qp at 2 73®K). 

We know that a' >« and, since the rise in the molecular heat from 0 ®K to 
T“K, i.e. Cp to Cp must be greater than C‘p to Cj, ^< 0 . 

. ’. is + ve, and ~ is — ve . 


The two terms on the right hand side of equation (14) thus tend to counter- 
balance, but the actual difference cannot be found, since a and 0 are unknown. 
This difference is certainly very small, and we are thus justified in using the 
Nernst chemical constants together with the empirical molecular heat equa- 
tions for the approximate calculation of InKp. 

Except in tbie case of nitric oxide the use of these constants gave good 
results. 


In cases where the data are not sufiSciently accurate, the approximate 
Nernst equation 
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Qo‘ Si^xi.rs,^ (Sub» + Si.^) ^ (SuCi+Sn'O 

InKp - — InT 1 — 

1'^ - 2i€. (is) 

is used, in which the assumption that Cp = 3 . 5+ 1 . s X n (16) 
is made, (n » the number of atoms in the molecule of the substance.) 

Where there are still less data, the Nemst method for the determination of 
the b' + |8* term is used: — 

Subi+2v/3* = - 2 i>X3-~5 ( 17 ) 

2T 

where T is any temperature (preferably in the middle of the region for which 
the equation is used) corresponding to Cp. Ihis is substituted in equation 
(15), and the c‘+7‘ term neglected. 

The corresponding value of Q’o is given by 

Q‘« » Qj - 2 r X 3. 5 - (2:ub» + 2 rj 80 T* (18) 

The Molecular Heats of Gases 

The molecular heats of gases are usually given in the literature as the mean 
between 2 73®K and T °K at constant pressure. In cases where they are not, 
they were converted to these conditions. T hese values were plotted against 
T^K, a smooth curve drawn through the points thus obtained and the curve 
produced backwards to 0 °K 
An equation of the form 

Qvt.r. = d + eT + fT= 

where d, e and f are constants, was then found to fit it. The T® term was 
never exceeded, since the experimental data were never suflSciently accurate. 
In order to derive an approximate value for Cp*‘^'^’, it was assumed that, 
putting T= 0 , 

= d. 

The molecular heats of gases decrease rapidly below about 2oo“K but except 
for hydrogen, there is a lack of data so that more accurate equations cannot 
be derived. is thus a fictitious value greater than the true mean 

molecular heat at constant pressure. 

It can be shown that 

C’pO'"- - (d - 273 -el+Tfe- 273 -f) +T*-f 
sa' 4- ) 5 * T + y’ T* 

which is the form of equation used in the determination of the equilibrimn 
constants. 

The results from the data collected will now be given. 

Hydrogen 

The curve Cp*^t /t rises rapidly from s to 6.76 as the temperature 
changes from so®K to 273®K, when it becomes linear, so that no equation of 
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the proposed, or of any simple t3rpe, will fit it. The equations proposed hold 
above 273'^K. They are: — 

» 6.52 4 - 0.00044 T 
Cp « 6.76 + o.ooo44t 
Equations given in the literature are: — 

^oc.tc. ^ ^ 4 “ o.ooo45t Pier^. 

C^tc. rs <3.60 4 * 0.000532 t Holborn and Henning^ 

^6c.tc. — 5 ^ 0.00064 t Crofts®. 

Cp • — 6 . 50 4* o . 00045 T Lewis and RandalP. 

Nitrogen, Nitric Oxide, Carbon Monoxide and Oxygen 

1 he curve for nitrogen is linear at all temperatures. As far as experimental 
evidence goes, nitric oxide, carlxm monoxide and oxygen have the same molecu- 
lar heat as nitrogen. 

Ihe equations selected are : — 

Cp’^' r 0.000523 T. 

(^^oc.tc. ^ ^ 0.000523 t. 

Equations given in the literature are:’— 

(’Ocac -r 5 gQ -j-. 0.00045 t Pier^ 

= 6.60 4 - 0.000532 t Folboru and Henning®. 

i6(..tc. ^ ^ 0.0004 t Crofts’. 

Cp ' == 6.775 + 0.00021 T rixon, (’am phell and Parker®. 

Cp' ^ ~ 6.50 4 - 0.0005 T Lewis and RandalP. 


Water 

At high temperatures, the values given by Bjerrum and Pier, are not very 
concordant. 1 he following equations are chosen. 

Cp'^ « 7.67 4 * 0.000394 T 4* 3. 167 X lo*'’ T^. 

Cp — 7 95 4 “ 0.000652 t 4 - 3*167 X lo"’ T". 

E'quations given in the literature are: — 

looC tc. — 0.000302 t + 7,92 X io”’t® . .Holborn and Henning^ 

« 8.065 4 " 0,0005 t 4“2 X 10"^® t® Pierh 

Cp‘^‘ « 8.81 — 0,00095 T + 7.4 X 10"’ T* . . . .Lewis and Randall®. 

The Lewis and Randall equation gives a minimum value for Cp of 
8.5 at 67 o^K. 

* Z. Elektrochem. 15 , 536 (1909). 

» Ann. Physik, (4) 23 , 809 (1907). 

* J. Chem. Soc. 1071 , 290 ( 19 ^ 5 )* 

^ J. Am. Chem. Soc. 34 , 1128, (1912), and *Thermod>nnainic8/’ p. 80 (1922) 

*1.c. 

«Lc. 

n.c. 

• Proc. Roy. Soc. lOOA, i (1921). 

• l.c. 
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Carbon Dktxide 

The molecular heat of carbon dioxide falls off rather suddenly below room 
temperatures. 

The equations selected are: — 

Cp’"' * 7.34 + 0.003397 T — 6.10 X 10“' T* 

Cp *= 9.05 4 - 0.002896 t — 6. 10 X 10“^ t* 

Equations given in the literatures are: — 

x= 8.804-3.3 X io-*t - 0.9s X io-*t* 4 -o.i X io“»t^. . . .Fieri. 

QW.tc. ^ s. 8 s 9 4 - 0.003265 1 — 7.92 X lo'^t* Holbomand Henning*. 

Cp ’^' s= 8.30 + O.OOI02S T 4 2.3 X io~i T* Dixon and others^. 

Cp =7.04 0.00355 T — 6.2 X io~i T* Lewis and BandalK 


Carbon 

« 

The form of carbon selected for these calculations is graphite. There are 
numerous values given in the literature for the true atomic heat at constant 
pressure up to iooo®K, but beyond this, the figures given by Violle had to be 
used. The Cp curve rises slowly from about 0 ®K to ioo“K, then rapidly up 
to about iooo®K, and beyond this, the atomic heat remains nearly constant. 
No equation of the ordinary type will fit this unless many more terms are 
added. 

The equations selected are : - 

Cp'^' = 1.28 4 0.00209 T — 2.23 X io"i T* 

C^tc. _ 2,^7 4 0.00191 t — 2.23 10“’ t* 

Lewis and KandalP give for graphite 
Cp‘^' — 1. 1 4 0.0024 T — 4.0 lo"! T*. 

At ordinary temperatures, the atomic heat of graphite is i . 9 and of amorph- 
ous carbon 2.6. The above equations give 2.4. 

For graphite, Dewar gaveC^“^' = 3 . 72. Calculated from above =“4.12 
” ” Violle ” S.70 ” ” 5.30 

” ” ” ” -xw®- 6.39 " 6.09 


Other Gases 

Hydrocyanic Acid. There are no data for the molecular heat of hydro- 
cyanic acid, but Ingold and Usherwood* found the ratio Cp/Cv by Kundt’s 
method, at temperatures from 65‘’C to 2io®C, so that an approximate value 
for Cp can be calculated. At the mean temperature of their experiments, 
4oo°K, the molecular heat of hydrocyanic acid is 0.7 higher than that of 

‘Z. Elektrochem. 16 , 897 (1910). 

»l.c. 

M.c. 

*l,c. 

* ''Thermodynamics'', p. 569, (1922). 

« J. Chem. Soc., 121* 1604 (1922). 
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water. As both liquid water and hydrocyanic acid are strongly associated^ 
their molecular heats will probably be very similar. Assuming then, that 
+ o. 7 « C^HCN » we get for Cp^N 
Cp’^- « 8.37 + 0.000394 T + 3.167 X lo'^T®. 

Methane. Lewis and Randall give an approximate equation for the molecu- 
lar heat of methane, which does not agree with the later results of Dixon, 
Campbell and Parker*. The curve for methane shows a very rapid 

change in the molecular heat at ordinary temperatures. Thus, from 373®K 
to 2 73®K, the molecular heat falls from 10.6 to 8.6, while from 273“K to 
i 73^K, the change is only from 8.6 to 7.9. Both Lewis and Dixon give linear 
equations which cannot possibly represent this very accurately. 


Dixon gives 


Cp = 8.66 + 0.019 1, which becomes 


Cp = 3-47 + 0.019 T. 

Lewis and Randall give C'p = 7.5 + 0. 005 T. 

Dixon’s results are employed for the determination of the + b^ term in the 
methane equilibrium. 

Acetylene. Only a few values for the molecular heat of acetylene are 
available, which, unfortunately, are for temperatures below 2 73°K. These 
values show that its molecular heat is a litth' greater than that of methane. 
The same value as for methane is used. 


Cyanogen. No values for the molecular heat of this gas have been deter- 
mined. The same value as for acetylene is therefore used. 

Ammonia. The values for the molecular heat of ammonia are not very 
concordant. At room temperatures, the agreement between values given by 
different workers is moderate, but at higher temperatures, considerable varia- 
tions are present. The w'ork of Haber* show’s ammonia to have a greater 
molecular heat than that found by Neriist* for the teinj^xirature region 600- 
9 oo®K. At high ternijeratures, the researches of Budded w+o used the explo- 
sion method, are available, but, if extrapolated to looo^K, they give values 
some 16 per cent lower than those given by Haber, The following equation 
is selected : — 

= 7.60 + 0.0012 T + 7-»7 io-»T*. 

The values given by this equation are correct at room temperatures but some- 
what lower than those given by Haber (for 6oo-9oo°K), and higher than those 
given by Budde (i4oo-2ooo°K). The equation given by Haber, which is 
applicable to iooo®K, is 

Cp'^’ * 8.04 + 0.00035 + 0.0000017 T“ 


Heats of Reaction 

The heats of reaction at room temperature (taken as 2932K) chosen for 
practical use, are the mean of the values given in Landolt and Bdrnstein’s'^ 
^'Tabellen”, 1923. 

• Z. Elektrodiem. 20, 597 (1914)- 
3 Z. Ekktrochem, 16 « 96 (1910). 

< Z. aaorg. Cbem. 78 , 159 
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The figures given below, represent the heat evolved in the reaction from 
left to right, at constant pressure (atmospheric) at 293 ®K, and are expressed 
in gram calories (the calorie at 15*^) all substances except carbon, being 
considered in the gaseous state. 

For the reaction 

2 H2O, * 

the values in the literature are in good agreement with each other. As a mean, 
the value 115, 660 is used. 

With regard to the reactions involving carbon, graphite is taken for the 
basis of calculation, and corrections have been made for the experimental 
determinations in which diamond and amorphous carbon are used. 

The mean of the values of Thomsen, Berthelot and Roth, give for amorph- 
ous carbon 

Cam + 02 = CO2 + 97, 170 cal.. 

The mean of the values given by Berthelot and Roth for diamond and graphite, 
are 

Cdi. + O2 = CO2 + 94 > 370 cal.. 

Cgr. + 02 = CO2 + 94? 550 cal.. 

From these, 

Ogr — Cai. + 180 cal., and 
Ogr Oana *“ 2,620 Cal.. 

These values are used to convert diamond and amorphous carbon to graphite. 
Taking the mean values, we get for graphite 
C + = CO + 26, 330 cal.. 

C + O2 = CO2 + 94, 550 cal.. 

From these, 2 CO -f- O2 = 2 CO2 + 136, 440 cal., 

and C' + CO2 *= 2 CO — 41, 890 cal.. 

In cases in which the heat of formation is obtained from experimental 
determinations of the heat of combustion, as for example, in the case of HCN, 
C2H2, and CH4, the value for the heat of formation as given by the experi- 
menter is used, and this value corrected to the graphitic form of carbon if 
necessary. In this way, taking the mean of the values given by Thomsen and 
Berthelot, we get 

2 + H., + N2 = 2 HCN - 60, 420 cal., 

C + 2 H2 = CH4 + 19, 100 cal., 

2 C + N2 ~ ( '2N2 — 72, 240 cal.. 

The mean of the values of Thomsen, Berthelot and Mixter corrected to 
graphitic carbon give, for acetylene 

2 C + H2 = C2H2 — 54,000 cal.. 

Taking the mean of the values of Thomsen, Berthelot and Haber for tiie 
ammonia synthesis, we get 

N2 + 3 H2 = 2 HN3 + 23,390 cal.. 

For nitric oxide, Thomsen and Berthelot give 
Nt + O2 » 2 NO — 43,200 cal.. 
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Chemical Constants 

The best methods for the calculation of the chemical constant involve the 
assumption made in equation (i6), that 

Cpsaass3.5-f1.5Xn where n is the number of atoms in the molecule 
of the substance concerned. The difference between Cp given by this equa- 
tion, and ai is small, so that the error produced in the calculation of C, the 
chemical constant, is quite negligible. For this reason, the values for the 
‘‘Conventional Chemical Constants^’ given by Nernst^ are used. In cases 
where a value is not given, it is calculated: — 

I. By the van der Waals— Nernst expression 



where tt and r are the critical pressure and temperature, and T is the 
boiling point under pressure p. 

TL By the Trouton — Nernst expression 

P X 

( - 0-14 - .j. 

Where X is the molecular heat of vaporisation at the boiling point, T®K 
In no cases where Nernst does not give a value are there sufficient data to 
substitute in his more aociirate equation involving vapour pressure and critical 
data. 


The values used are:— 

H, Nj 

HsO 

0* 

(’() 

CH4 

1 .6 

2.6 

3.6 

2.8 

3-5 

2-5 

CO2 

NHa 

HCN 

CjH* 

CjN, 

NO 

3-2 

3-4 

00 

3-2 

3-4 

3-2 


Nernst gives the value 3.5 for NO, 

Equations for the Equilibrium Constant Calculation 

The value for the heat of reaction at 2o^(" is converted to the value 
using equation (12). This value of Q^o is then used, together with the a^ 
a', etc. terms for the molecular heats, and the algebraic sum of the chemical 
constants, for the dctennination of In Kp, equation (13) being employed 
unless otherwise stated. The results are compared with experimental results 
where these are available. 

2 Us + O2 - 2 H2O 

The experimental determination of this equilibrium has been carried out 
in several ways. Langmuir- heated a platinum wire in water vapour, Nernst 
and V. Wartenberg® used a dynamic method, and Lowenstein'* used a semi- 

theoretischen und experimcntellen Grundlagen des noucn Wiirme8at7.es,'" 

* J. Am. Chem. Soc., 28 , 1357 

•Z. physik. Chem., 56 , 513 (1906). 

* Z. physik. Chem., 54 , 715 (1905)- 
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permeable platinum tube for the measurement of the partial pressure of the 
hydrogen. The experiments by Bjerrum>, who used the explosion method, 
give values up to 3ooo°K, but are not as accurate as the detennmaticms at 
lower temperatures. 

The experimental values given in the following table were read off from a 
smooth graph of logKp/T which passed through the various experimental 
values. 

The equation derived from the data given is 
log Kp = — 2. OSS log T — O.OOOT 34 S T + 6.923 X io~*'P+i.2 


Table I Kp = — 

P*H, • Po, 


T»K 

logKp 

logKp 

Author. 




calcd. 

exptl. 




1200 

15*68 

15-63 

Nemst-v. Wartenberg and Langmuir. 

1400 

12*55 

12.45 


it 

a 

1600 

10.24 

10.29 


if 

if 

1800 

8.41 

8.52 

it 


and Lfiwenstein 

2000 

6.9s 

7.02 


if 

a 

2200 

S- 7 S 

5*78 

Nernst and v. Wartenberg. 

2400 

4.76 

4.80 

it 


ft 

2600 

3-93 

4.00 

Bjerrum. 



2800 

3 23 

3.40 




3000 

2,63 

3 . 0 about 

it 




2 CO -f* O 2 “ 2 CO 2 

The experimental study of this reaction is very similar to the previous one. 
Nernst and v. Wartenberg®, Langmuir®, and Bjerrum^, used the same method 
as for the water equilibrium, but Lowenstein® used a modification of the 
Victor Meyer method. 

The experimental results in Table 2, were obtained graphically as in the 
previous case. 

xr PCOi 

* 

P CO * POs 

log Kp ~ 2.275 log T + 0.001143 T - r .33s X 10*^ T* — 3.4 

^ Z. physik. Cbem., 7 P, 513 (1912). 

*Z. physik. Chem., 56 , 548 (1906). 

»l.c. 

♦Z. physik. Chem., 79 , 537 (1912). 

* Z. physik. Chem., 54 , 707 (1905). 
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Table II 


PK 

logKp 

calcd. 

log Kp 
exptl. 

Author. 

1200 

15.46 

15-48 

Nernst and v. Wartenberg. 

1400 

”•95 

11.78 

” and Langmuir. 

1600 

9-30 

9-40 

M Jt 

1800 

7.27 

7.48 

Lowensteiii. 

2000 

5-65 

5,8 about 

Lowenstein B jerrum . 

2200 

436 

4.6 ” 

JT ft 

2400 

3.22 

3.6 - 


2600 

2,29 

2.7 

B jerrum. 

2800 

1.48 

r .9 

ft 

3000 

0.79 

1-4 

ft 


In reactions involving elementary carbon at iooo®K and over, we can 
assume that the surface of the carbon is graphitised, and that the equilibrium 
produced between this and the various gases, corresponds to graphitic carbon. 
The equations obtained from the data given, will therefore be applicable to 
these equilibria. 

(’ + (X)2 =. 2 CO 

'rhe most reliable values for the equilibrium constant for this reaction are 
those by Rhead and Wheeler^ who used the dynamic method. Those by 
Boudouard^, and Arndt and Schraube*, using the static method, and by Mayer 
and Jacoby^ w’ho used both methods, give lower values for the equilibrium 
constant than do Rhead and Wheeler. 

In obtaining the curve logKp/T, from which the experimental values given 
in Table III were read off, the results of Boudouard. Arndt and Sehraube, 
and Mayer and Jacoby were used up to iioo°K, (the low^er temperature 
limit of Khead and Wheeler), but beyond this, the Khead and Wheeler 
values were used. 

logKp = — + 2.10 logT — 0,000072 T + 0.09 X "P + 3.8 


K 


p 


pVo 

Pco, 


Table III 


PK 

log Kp 
calcd. 

log Kp 
exptl. 

Author 

900 

-0.77 

d 

1 

Boudouard, Arndt & Schraube, 

1000 

+0.23 

+0,22 

and Mayer & Jacoby* 

1200 

1-74 

1.78 

Rhead and Wheeler. 

1400 

2.80 

2.90 

ft ft 

1600 

3-58 

3.65 about. ” ” 


‘ J. Chem. Soc., 97 , 2178 (1910). 
•Ann. Ohim. Phys., (7) 24 , 5 (1901). 

• Nemst^Festschrift, 46 , (1912). 

* J, Gasbeleuchtg., 52 , 305 (1909), 
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2 C + H, + N. - 2 HCN 


The only experiments available for this equilibrium are those of v. War- 
tenberg^, who passed nitrogen and hydrogen mixtures over carbon in an elec- 
tric furnace at i9o8-2i48®K. The equilibrium constant was estimated by 
extrapolation to zero velocity of gas flow, smd is not very accurate. 

V. Wartenberg estimated the value 4 for the chemicsd constant of hydro- 
cyanic acid. The Trouton-Nemst approximate formula gives the value 2.7, 
which is certainly too low. As, however, from the similarity between hydro- 
cyanic acid and water, the chemical constant is probably very near that of 
water, 3.6, the mean of this and the v. Wartenberg value is taken, i.e. 
CHCN * 3.8. 

logKp = — -1-0.625 logT — 0.0009 SI.") T -f 1. 18 X 10”^ X T*-f 3 4. 


Kp 


- ES 


Pn. 


At T=2ooo®K, V. Wartenberg found logKp»= 
gives the value —2.57 

C -I- 2 H* - CH« 


■2 5 - 


The above equation 


Mayer and Altmayer* investigated this reaction in the temperature region 
of 7 — 9 oo®K. They used amorphous carbon containing a nickel catalyst, and 
because of the relatively low temperatiu’es at which they worked, the equilib- 
rium corresponded to amorphous carbon. In equation I, below, allowance 
has been made for this. 


Pring and Fairlie’ give the equiUbrium constants for graphite at somewhat 
higher temperatures, their results being compared with equation II which 
refers to graphitic carbon. 

With regard to the theoretical calculation of the equilibrium constants, 
we have seen that the molecular heat equation for methane is unknown, but 
by using the results of Dixon, Campbell and Parker*, and extrapolating for 
about 100®, we find Cp*'*®®K is 22.3. (iooo®K is the mean of the temperature 
region investigated.) This value is then used in equation ( 17) , page 1154, and the 
resultant value for the b* and / 3 *, and Qo‘ terms substituted in equation (13), 
1*53! the c* and y* term being neglected. 

The mean of Thomsen’s and Berthelot’s values for the heat of formation 
of methane from amorphous carbon is 21, 730 cal at 293 °K. 

For amorphous carbon, 

logKp«li^- 1.75 logT -I- 0.000630 T- 0.7 (I) 


^ Z- anorg. Chem. 52 , 299 (1907). 
»Ber. 40 , 2134 (1907). 

^ J. Chem. Soc., 101, 91 (1912). 

* Proc. Rov* 80c. 100 Ae i (1921). 
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For grai^ite, 


lc«Kp « 


4,008 

T 


I . 7S log T + o . 000630 T 


logKp 


PCH. 


o 7 


(11) 


Table IV 


T<»k 

logKp 


log Kp 

Author 


calcd. 

£k]n.. 

exptl. 


600 


(I) 

2 . 5 about. 

Mayer and Altmayer. 

800 

0.45 

(I) 

0.40 


900 

— 0.21 

(I) 

-0.37 


1000 

- 0,74 

(I) 

— 1 . 0 about. 

” ” and Pring & 





Fairlie. 


-1.31 

(ii) 



1200 

-1,99 

(II) 

-1.9 

}* 

1400 

-2.45 

(II) 

— 2.50 

Pring and Fairlie. 

1600 

-2.79 

(II) 

— 2,90 


1800 

-" 3-04 

(II) 

-3,16 


2000 

— 3 , 22 

(II) 

-3.3 about. 

*' 


2 C + Hs « C2H2 

The experimental determination of the equilibrium constant of this reac- 
tion has been carried out by v. Wartenberg^ using the same method as for the 
hydrocyanic acid synthesis. The results are still less reliable in this case. 

In the theoretical calculation of Kp the molecular heat of acetylene is 
assumed to be equal to that of methane, and the approximate equations (17), 
and (18), are used. 

The van der Waals-Nernst equation for the determination of the chemical 
constant leads to the value 3 , 2 for acetylene, while the approximate Trouton- 
Nemst equation gives 3.7. The more accurate value 3. 2 is used. 

logKp « — -f 0.0004812 T + 1.6. 

log Kp * 5 £!S? 

PHj 

At T*=21oo®K, V. Wartenberg found log Kp= —2.80: the above equa- 
tion gives the value —3.00. 

aC-l-N, = C,N, 

No experimental determination of the equilibrium constant of this reac- 
tion has yet been made. 


> Z. aaois. Chem., S2. 299 (1907). 
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The theoretical calculation is very similar to that for the aeotyleQe syn~ 
thesis. The van der Waals-Nemst equation leads to the value 3,4 for the 
chemical constant of cyanogen. This value is used. 

logKp = - + 0.0004704 T + 0.8 

K PCjNt 
P T 
PNt 

At 3 Soo®K, which is approximately the temperature of the electric arc, 
logKp*= — 2.07, corresponding to the formation of 0.8 per cent cyanogen 
from nitrogen at atmospheric pressure. In actual practice, no trace of cyano- 
gen is found, although spectroscopic observations i^ow the presence of tiie 
(^anc^n spectrum. Whether this spectnun is due to nitrogen or cyanogen 
is now a matter of controversy. 

Ns + 3 H* = 2 NHj. 

The investigaton of this important equilibrium has been carried out re- 
cently by Haber', and still more recently by Larson and Dodge*. Most of 
these experiments have been carried out under pressure, and although Larson* 
has shown that this causes a change in Kp, the effect is negligible at the lower 
pressures. 

The use of equation (13), page 1153. which is employed for precious reactions 
leads to the equation Kp = 

log Kp = — 5.38 log T -f 0.0001225 T -H 1.569 X 10-’ Ts - 0.8 

Tf _ P*NHj _ 

P®H* • PN2 

which gives values considerably different from experimental ones. Thus at 
iooo®K, the value of log Kp from this equation is —12, whereas the experi- 
mental value is —7.4. The cause of this discrepancy is unknown. 

If, however, we employ equation (15), page 1154, we get 

logKp «= 3 *5 log T -f 0.0001225 T -f- 1.569 10”“^ T* — 0.8 

The results from this equation agree much better with the experimental values, 
the comparison being shown in Table V. 

Table V 

T^K log Kp log Kp Author 

caTcd. exptl. 

600 —2.60 —2.8 Larson and Dodge. 

800 —4.90 —5.0 Haber 

1000 —6.33 —6.48 

1200 -7-30 -7-43 '' 

1400 --7.97 —8.17 ” 

» Z. f. Elektrochem. 20, 597 (1914). 

• J. Am. Chem. Soc., 45 , 2918 (1923). 

< J. Am. Chem. 80c., 40 , 367 (1924). 
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Ns + Os ** 3 NO 

Nernst^ investigated this reaction by passing air through an electrically 
heated tube, the rate of passage of the gas being slow enough to ensure equilib- 
rium. 

If we use the Nemst value 3.5 for the chemical constant of nitric oxide, 
the theoretical calculation of logKp does not agree with the experimental 
values, 3 . 2 gives far better agreement, and is therefore used here. 

logKp « - + i.o. 

PNj • POt 



logKp 

Table VI 

log Kp 

Author, 

1800 

calcd. 

-4 25 

exptl. 

-4.12 

Nernst 

2000 

-3 -73 

-3-67 

ft 

2200 

-3-30 

— 3.21 

99 

2400 

-2.94 

M 

00 

1 

99 

2600 

— 2.64 

-2.53 

99 


H* 4 - CO* = H *0 + C’O 

This reaction has been studied by a large number of workers with fairly 
concordant results. The work of Hahn^*, who approached equilibrium from 
both sides, by passing the gases over hdated platinum as a catalyst, and 
Haber and Richardt* on flames, may be taken as representative. 

The theoretical equilibrium constant for this reaction is obtained as 
follows 

If K'p is the equilibrium constant for 

2H8 + O, = 2 H* 0 , 

i.e. = 

P^Hf • POj 

and Kp is the equilibriiuu constant for 

2 CO + Os = 2 CO* 

i.e. K»p = 

P^co • Po, 

Then the equilibrium constant for the reaction 

H, + CO^ = H ,0 + CO 


Ph»o • Pco 
Ph» • Pcoj 


' Z. anorg. Chem., 49 , 213 (1906). 

* Z. idiysik. Chem., 44 , 513 (1903): 48 , 735 (1904). 
' Z. anorg. Chem., 38 , 5 (>904). 
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sipNST wAVrm satinders 

T*K 

Kp oaled. 

Kp exptl. 

Table VII 

Author. 

800 

0.20 

0.2 about 

Hahn. 

1000 

0.71 

0.65 

ft 

1200 

1.29 

1.32 

ft 

1400 

2.04 

2.08 

tf 

1600 

2-95 

2-95 

Haber and.Richardt. 

1800 

3-72 

3 * 8 o 

ft tf 

2000 

4.68 

4.7 about 

ft tt 


Conclusion 

Values for the mean molecular heats of gases at constant pressure, be- 
tween 0 °K and T°K, obtained from experimental values for the mean molecu- 
lar heats between 273“K and T®K, by extrapolation to 0 ®K, have been used, 
together with the Nemst conventional chemical constants and the heat of 
reaction at room temperature, for the calculation of eqiulibrium constants. 
Ihe assumptions made and the empirical nature of the equations obtained 
are fully realised. Except for the reaction resulting in the synthesis of am- 
monia, where the Nemst assumption with regard to the molecular heats was 
made, the equations obtained agree with experimental results. 

Ihe author wishes to express his best thanks to Mr. W. E. Gamer who 
suggested this investigation, and for his valuable advice during the course 
of this work. 


The Sir William Ramsay Inorganic and 
Physical Chemical Laboratories, 
Universily College, London. 



THE BINARY SYSTEM SODIUM METASILICATE-SILICA 


BY G. W. MOREY AND N. L. BOWEN 

This investigation of the melting point relations in the binary system 
sodiiun metasilicate-silica was undertaken primarily because of its importance 
as an end-member of more complicated systems of direct petrologic bearing; 
in particular, those formed by the addition of alumina and water, which are 
at present being studied by us. Publication of this material by itself was, 
however, deemed advisable because of the considerable technologic interest 
in this system, not only by reason of its bearing on the problem of the impor- 
tant soda-lime glasses, but also as constituting in itself a major chemical 
industry. The manufacture of silicate of soda has grown to bo one of the 
largest chemical industries, and one whose ramifications rival those of sul- 
furic acid. Ihe study of the ternary system formed by adding water to the 
sodium silicate-silica system is well under way, and a separate study of the 
mixtures richer in alkali than the metasilicate, both of sodium and of potas- 
sium, is planned. 

Altho this system is of considerable technical importance, little has been 
published in regard to it. The two couipounds which appear, sodium 
metasilicate, NasO.SiOjand sodium disilicate, Na20.2Si02, were prepared by 
Morey^, and described by him. Niggli^ in studying the reaction between 
Na2C03 and Si02, also prepared sodium metasilicate, and includes some crys- 
tallographic and optical data by Fenner. Niggli also states that, ‘'^\hen 
sodium carbonate was heated with more than one equivalent cf quartz, the 
product was, in my experiments, always sodium metasilicate mixed with 
quartz, '' but he also points out that his experiments give ^'no evidence against 
the formation under other conditions of an anhydrous sodium silicate con- 
taining more than one equivalent of silica,’^ and mentions the preparation of 
sodium disilicate under hydrothermal conditions by Morey. Kultascheff® 
determined the melting point of sodium metasilicate and gives a value of 
X007®. He did not analyze his material, tho he cites experiments which 
show that a melt of this composition at about its melting point loses 4.8 per 
cent Na20 in an hour. His low result is accordingly to be ascribed to the 
presence of a considerable excess of PiO*. Van Klooster^ determined the melt- 
ing point of sodium metasilicate, using a material prepared by ignition of 
Kahlbaum’s crystalline hydrated sodium metasilicate. He also did not 
analyze his preparation, and his value, 1056®, is doubtless low. Several lots 
of Kahlbaum's crystalline sodium metasilicate analyzed by us sliowed the 

* J. Am. Chem, 80c., 36 , 215-30 (I9*4)* 

*P. Mggli: J. Am, Chem. Soc., 35 , 1693 (1913)* 

» N. V. Kultascheff : Z. anorg. Chem., 35 , 186-93 (19^3)* 

8 . van Klooster: Z. anorg. Chem,, 69 , 135-57 (*9Xo). 
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presence of an excess of sodium oxide, and it is probable tbat his preparation 
was more soda-rich than the metasilicate. Wallace^ studied this binary 
system, but did not succeed in determining any of the melting point curve, 
nor did he prepare the disilicate. Jle gives 1018® as the mdting point of 
sodium metasilicate, but fails to give analyses of his material, and probably 
was not dealing with a mixture of exactly the composition of the metasilicate. 
In working with the alkali oxides at high temperatures, account must be 
taken of the volatilization of alkali, especially before decomposition of the 
carbonate or hydroxide is complete. Wallace also concluded that NsaSiOt 
takes SiOa into solid solution, but his evidence is little more than conjectural. 
No evidence of solid solution was obtained in this study, either between 
sodium metasilicate and sodium disilicate, or between sodium disilicate and 
quartz, altho the method of study was particularlj' favorable to the detection 
of any such solid solution formation. Jaeger® made a determination of the 
melting point of sodium metasilicate on material carefully prepared and 
analyzed, and his value, 1088®, has been confirmed by us. 

Preparation and Analysis of Materials 

The raw materials used throughout were quartz and sodium carbonate. 
The former was a well washed sample, 10 g. of which .showed a residue of 
0.0077 g. after evaporation with HF and H*S04 and subsequent heating with 
(NH4)2C03. The sodium carlwnate contained but o.q mg. FesOs+AUOa in 
10 grams. The materials were mixed in the desired proportions, and melted 
in platinum, either over a Meker burner or in a gas or electric furnace. The 
charges were usually calculated to give 10 or 25 grams of glass. After the 
glass appeared clear and free from bubbles it was quickly cooled, either by 
placing the crucible on an iron plate or by holding it in water, then the glass 
was broken out of the platinum crucible and pulverized. It was tested for 
homogeneity by examination with the petrographic microscope, using an 
immersion liquid matching it to within 0.005 in refractive index, and if not 
homogeneous again heated and powdered. The only glasses that required 
more than two beatings to become homogeneous were those containing 90 
and 95 per cent RiOa, which required three. 

Glasses of exactly the composition of the disilicate were prepared by 
weighing the carefully analyzed quartz into a weighed platinum crucible, 
adding a slight excess of sodium carbonate, and melting to a clear glass, 
taking care to avoid loss from spattering. The cooled melt was then weighed, 
broken out of the crucible and pulverized. The powder, of known composi- 
tion, was again weighed into a weighed crucible, a slight excess over the 
calculated amount of sodium carbonate necessary to bring the mass to the 
desired composition added, and the charge again melted to a clear glass. 
Heating was then continued until the charge had the desired composition, 
as determined by the weight after cooling, after which it was again broken 

* Z. anorg. Chem., 63, 1-48 (1909). 

* J. Wash. Acad. Sci., 1 , 49-.53 (1911). 
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up and tested for homogeneity. If not homogeneous, the same procedure 
was followed until a homogeneous melt of the desired composition was 
obtained. The composition was always checked by analysis. 

The resulting glasses differed widely in their tendency to crystallize. 
Sodium metasilicate and mixtures near it in composition crystallize readily. 
While no difficulty was experienced in obtaining glasses with the small charges 
used, it is doubtful if large meltings could be obtained. A glass of the com- 
position of the metasilicate-disilicate eutectic is easily obtained; on the other 
hand, a few hours' heating at the appropriate temperature suffices to crystal- 
lize it almost completely. The compound sodium disilicate, which has not 
been prepared, hitherto, in the dry way, is easy to crystallize, a few hours’ 
heating being sufficient to obtain a homogeneous nielt to that composition 
in the crystalline condition. Mixtures slightly richer in silica than the 
disilicate-quartz eutectic are the most difficult to crystallize, but even they 
may be completely devitrified by heating below the eutectic temperature for 
a day or two. For example, a mixture containing 32 per cent NaeSiOs, 68 
per cent Si02 was heated for 3 days at 750°, and the product was entirely 
crystallized as Na20.2Si()2 and high-quartz. In spite of the high viscosity 
of the melt at this temperature, the quartz was in the form of well-terminated 
dihexahedrons characteristic of high-temperature quartz. This is the first 
time that quartz has been obtained in the dry way without the aid of fluxes. 
Some of these crystals were isolated by first digesting with water, then re- 
moving the coating of gelatinous silica by rapid treatment with dilute HF. 
It is noteworthy that prolonged digestion of this material on the steam bath 
with water alone or with sodium carbonate resulted in complete solution of 
the quartz. Methods for the separation of amorphous silica from quartz 
based on a difference in the rate of solution are evidently to be used with 
caution.^ These mixtures were also crystallized by heating in bombs with 
water, as described in a previous publication-. Approximately 5 grams were 
placed in a gold crucible and heated with 5 cc. of water in a volume of about 
80 cc. at 500® over night; the product was entirely crystalline. Mixtures in 
which trid3miite and cristobalite are solid phases proved easier to crystallize, 
probably because of the lower viscosity at the higher temperature. Mixtures 
very rich in silica, such as that containing 95 per cent Si02, were difficult to 
obtain in the form of glasses, cristobalite separating out even when a 10 g. 
melt was plunged as quickly as possible into water. Glass of this composi- 
tion was, however, obtained by quenching a few milligrams in mercury from 
a temperature above its liquidus. Incidentally, it should be noted that in 
one case a charge of this composition, which was removed from the furnace 
above the liquidus temperature and quenched by means of a blast of air, 
developed crystals of quartz. 

^ Of. Hillehrand; *^The Analysis of Silicate and Carbonate Rocks.'' S. Geol. Survey 
Bull, 700 , pp. 244-5. 

* Morey: J. Am. Chem. Soe., 36 , 215-30 (1914). 
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The analytical methods used were simple. It was shown by Niggli that 
even at 956® all the CO2 is expelled from Na2C03 by heating with one equiva- 
lent of Si02. With the higher temperatures used in preparing our melts, 
and their greater Si02 content, no difficulty was found in obtaining C02-free 
mixtures. As the ingredients were of high purity, and all the meltings were 
made in platinum, which does not contaminate the melt in mixtures con- 
taining so large a proportion of SiOa, the glasses were truly binary mixtures, 
and hence determination of one constituent should suflSce to fix the composi- 
tion. Nevertheless, many glasses were analyzed by first digesting with 
water, to decompose them as completely as possible, then dehydrating the 
silica by two evaporations with strong HCl, with intervening filtration, as 
described by Hillebrand^ The precipitate was always checked by treatment 
with HF and H2SO4, and it was found that the amount of residue could be 
diminished by digesting the first silica with water, the filtrate being added to 
the first filtrate. The filtrate and washings from the second evaporation 
were collected in a 100 cc. gold crucible, in which the NaCl was w^eighed after 
evaporation and cai^eful ignition. In the other glasses Na20 w^as determined 
by weighing as Na2SiF6, as described in connection with the analysis of potas- 
sium silicates in a previous paper-. With sodium silicates it is advisable to 
decompose the more siliceous glasses by heating with w’ater» before adding HF. 

Experimental Methods 

The melting point curve of the system Na2Pi03-Si02 was determined by 
the quenching method used so extensively in this Laboratory'^. Small 
charges, a few milligrams, are wrapped in platinum foil, and held at a constant 
known temperature until equilibrium is reached. The charge is then quenched 
by dropping into mercury, usually by means of an electrical device or, in the 
case of glasses difficult to crystallize, by merely removing from the furnace 
and cooling in air. It was found that quenching was made more certain wdth 
substances which crystallize with extreme facility by fastening the charge to 
a small platinum weight, heavy enough to completely submerge the charge 
in the mercury. With some of the mixtures 1 5 minutei5 heating at constant 
temperature w^as sufficient to secure equilibrium, and identical results were 
obtained whether the mixture consisted initially of crystals or glass. With 
other mixtures, however, several hours were necessary, and in one ease initial 
quartz persisted for several hours, 20® above the liquidiis for that composition. 
In mixtures such as these the furnace regulator devised by Roberts^ was an 
invaluable aid. With it temperatures could be maintained constant within 
half a degree for long periods. Mixtures close to the sodium disilicate-quartz 
eutectic were usually heated over night for the final runs. With one mixture 
(99-23 per cent Na2Si()3, 0.77 per cent SK)2) a comparison was made l>etween 

* Op. cit., p. 99. 

2 Morey and Fenner: J. Am. Chem. Soc., 39 , 1173-1229 (1917). 

* ShepWd and Rankin: Am. J. 8ci., 28, 293 1909). 

^ H. S. Roberts: J. Wash. Acad. 8ci., 11, 401-409 (1921), 



SODIUM METASILICATE-SILICA 


II71 

the melting point determined by quenching and determined by the usual 
time-temperature curve method, and the greater ease and certainty of inter- 
pretation with the quenching method* confirmed. 

The thermoelement used was frequently calibrated, using as fixed points 
the melting points of NaCl and Na2S04, determined by the heating curve 
method®, and the melting points of Li2Ri()3 and anorthite®, determined by 
the quenching method. (Quenching of the Li2pi03 was greatly facilitated by 
the use of the platinum weight previously mentioned. The melting point 
of the 95 per cent Si<)2 mixture was determined by J. W. Grcig, with a ther- 
moelement calibrated by comparison with an element previously calibrated 
at the anorthite point and at the melting point of platinum. 





Table 

1 



Dcsignatioii 

Analysis 
XmjO SiOa 

Na^SiOa 

Mol ^,7 
Hi ()2 

Melting 

point 

Solid 

phase 

2 154 A 

50 40 

49 44 

99-23 

0.77 

1 086 . 5 

NaoSiOa 

2330 A 

45 

54 03 

82 . 32 

17.68 

1031 .0 

Na-iSiO, 

2 1 42 A 

44.92 

54 93 

79-27 

20 73 

1001 . 

NaoSiOg 

2115A 

39 - 5.5 

- - 

63.42 

36 58 

863 . 

Xa-iSiOs 

25 1 2 A 

37 83 


60.85 

39 - 15 

847 

Na2Si20f, 

2 1 44A 

37-59 

62 29 

58.48 

41-52 

859. 

NasSisO. 

2 5 1 0 A 

35-90 

— 

54-29 

45.71 

871 

Xa2Si20& 

25 18A 

34 04 

— 

50.03 

49 97 

873 • 5 

Xa2Si2G;» 

J414A 

33 • 99 

- - 

49.91 

50.09 

0 

00 

XasSioOf, 

2 03 4 A 

33 26 

— - 

48.44 

5 1 • <19 

872 . 5 

X a2»^i2G,, 

241 1 A 

32.83 

67.25 

47.32 

52 . 68 

868 

NasSi^Or. 

2530A 

29. 20 

- - 

39-97 

60 03 

831 

Xa^Si^t ).o 

2530H 

27 32 

“ - 

36.44 

56 

802 . 

Xa2^'i2t);> 


25-78 

- - 

33.27 

66.73 

830 

High quartz 

2 5 20 A 

24.81 

- - 

3 1 - 99 

68.01 

841. 

High quartz 

242gA 

* 9. 54 

— 

23-55 

76.45 

1145. 

Tridymite 

242 qB 

11.67 


12.51 

87.40 

I 4 S 7 

TridjTiiite 

2431 A 

4 07 

— 

5 12 

94 . 88 

1596. 

Cristobalite 


The results of this investigation are presented in Tables I and II, and in 
Fig. I . Table I gives for each mixture the reference niimtier, the weight per 
cent NaaO or of both NasG and Si()>, as determined, the calculated weight 
percentage of Na^iSiOa and Si( )2, the composition of the primary solid phase, 
and the liquidus teiu}x^rature. In Table II are given for each mixture the 
essential experimental <lata upon which the thermal data of Table I are tased, 
including for each run the temperature, the duration of the heating at that 

‘ Morey: J. Wash. Acad. 8ci., 13 , 326-9 (1923). 

‘Roberts: Phys. Rev., 23 , 386-95 (1924)* 

* Day and Rosman: * 41 igh-tcmperatiire gas thermometry.’' Carnegie Inst. Washing 
ton. Publ. 157. 
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Table II 


Glass 

Temperature 

Time 

Condition 

21S4A 

1085.6 

15 min 

crystals Na^SiOa 


1086.4 

n 

(t (( 


1086.5 


glass and '' 


1086.7 

lit 

glass only 


1086.5 


Liguidus 

2330A 

1025.7 

15 min 

glass and Na^SiOa 


1029. I 

li 

glass and rare NaaSiOs 


1032.6 

a 

glass only 


1031. 


Liguidus 

2142A 

998 5 

20 min 

glass and NaaSiOs 


1000.2 

it 

glass and rare NasSiOs 


1001 . 9 

a 

all glass 


lOOI . 


Liguidus 

2 1 1 5A 

858.4 

20 min 

glass and NazSiOs 


860.2 

tt 

“ little NazSiOg 


864.7 

(( 

all glass 


863. 


Liguidus 

25r2A 

840.2 

20 min 

NazSiOg and NazSizOh 


844.7 


glass and few NagSizOf, 


846.5 

<< 

rare 


848.4 

u 

all glass 


847. 


Liguidus 

2 144A 

840.2 

20 min 

NazSiOg and NagSizOr, 


849 -3 

a 

glass and NazSigOg 


858.4 

n 

(» H it 


860, 2 

i( 

all glass 


859- 


Liguidus 

2510A 

868.3 

20 min 

glass and NagSizOs 


870. 1 

n 

glass and rare NagSizOrt 


871.9 

kl 

all glass 


871. 


Liguidus 

2 5 1 8 A 

872.8 

20 min 

little glass and NagSigOs 


873 -3 

a 

§iass and rare 


873-7 

u 

all glass 


873-5 


Liguidus 

2414A 

871.9 

20 min 

little glass and NaiSizOb 


872.8 

(( 

glass’** “ 


873-3 

tt 

all glass 


873.0 

(t 

Liguidus 


*Much more glass than in 3518A at this temperature. 
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Table II — (Continued), 


Glass 

Temperature 

Time 

Condition 

2034A 

870.6 

20 min 

glass and Na2Si206 


871-5 

It 

“ “ little Na2Si806 


873-3 

it 

all glass 


872 -s 


Liquidus 

2411A 

867.4 

20 min 

glass and rare Na2Bi206 


868.3 

it 

all glass 


868. 


Liquidus 

2530A 

828.3 

40 min 

glass and Na2Si20o 


830.2 

60 

rare “ 


832.0 

it 

all glass 


831. 


Liquidus 

2530!* 

786.2 

go min 

glass and Na2Si205 


797-2 


“ “ little NajSisOs 


800.0 

ii 

“ “ few “ 


803 . 6 

it 

all glass 


802 . 


Liquidus 

2530C 

827.4 

4 hr 

glass and quartz 


829.2 

12 

a a it 


830.2 

4 " 

all glass 


830. 


Liquidus 

2520A 

838. 

14 hr 

glass and quartz 


845- 

ft 

all glass 


841 . 


Liquidus 

2429A 

1140. 7 

I hr 

glass and tridymite 


1143*2 

a 

“ rare tridymite 


1147-4 


all glass 


1145 * 


Liquidus 

2429B 

1446.6 

I hr 

glass and tridymite 


^456-4 

it 

“ rare tridymite 


1459*0 

30 min 

all glass 


1457 * 


Liquidus 

2431A 

1583- 

45 

glass and cristobalite 


1592. 


“ very little cristobalite 


1594. 

tt 

“ rare cristobalite 


1596* 


Liquidus 
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temperature, and the condition of the product. In a large proportion of the 
cases each experiment represents the result of heating side by side two 
charges, one initially crystalline, the other initially glass, and the results were 
always in accord. In the only cases in which both were not heated together, 
namely, some of the glasses rich in NatSiOs, there was no question of the 
speedy attainment of equilibrium. Special attention should be called to the 
experiments with glasses 2510A, 2518A, 2034A, and 2414A, which are all 



Fig. I 

Temperature composition diagram of the binary system NajSiOr-SiOj 

close to the disilicate in composition. Thestt were all put into the furnace 
and quenched together, and the thermoelement calibration checked immedi- 
ately thereafter. 1 he relative melting points of these mixtures are correct 
within 0.2°, and the actual temperatures within practically the same limits. 

Optical Properties of the Crystalline Phases 

The two crystalline compounds sodium metasilicate and sodiiun disilicate 
do not differ very greatly in optical properties. Both have positive elonga- 
tion and low refractive indices and are apparently orthorhombic in crystal- 
lization. They are to be di.stinguished only by precise measurement of their 
optical constants, which aie given below in Table III. 

Discussion of Results 

The mixture nearest in composition to the mctasilicate contains 0.77 mol 
percent excess silica, and its melting point was found to be 1086®. This was 
considered to be a sufficient confirmation of Jaeger’s value of 1088® as the 
melting point of NaaSiO*, so there was no necessity of making up the pure 
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Table III 


Optical Constants of Sodium Metasilicate and Sodium Disilicate 


Crystallization 


Na2?i08 

orthorhombic 

Fabit 


needles 

Cleavage 


prismatic in 

Optic axial angle 


zone of y 

2 V very large 

Optical character 


negative 


(7 

1.528^.002 

Refractive indices 

r 

1*520:^.002 


fa 

I* 5 I 3 d =-002 


Na2Si205 
orthorhombic 
plates and needles 
pinacoidal 
\\y 0 and ya 
2V«5o to 55® 
negative 

r.5i8db.oo2 

I.5l4=b.002 

1. 504 db. 002 


compound. ?sa2SiC)3 remained the primary phase until the mixture contain- 
ing 30.15 percent iSi02 was 1 cached, wd.en the disilicate, Na20.2Si02, ap- 
peared as the primary j)hase. Ihe eutectic was located by extrapolation of 
the metasilicate and disilicate curves, the temperature of the eutectic thus 
determined 1 eing 840°, the composition^ 37.5 mol pendent 8i02. The shape 
of tlie two curves is such that but little uncertainty is introduced by this 
extrapolaticn. 

b\)dium disilicate, Na20,2Si02, has a congruent melting point at 874°. 
The melting-point curve is unusually flat, especially on the side toward 
Na^Sit'a, tl e i)resence of 4.3 percent excess of the latter lowering the melting 
point only 2.5°, Addition of excess ^ith^ results in a more rapid lowering of 
the melting j)oinl, until the disilicate-quartz eutectic is reached. In this 
case the ( urves are both steep, and do not lend themselves so n^adily to deter- 
mination (J tie eutectic temperature by extrapolation. The mixture with 
63.56 percent Si(^2 melts at 802,7°, and the primary phase is Na-jO. 28102; the 
mixture containing 66.73 percent SiOe melts at 827°, and high-quartz is the 
primary phase. Ihe temperature of the eutectic was determined by holding 
th(^se two pr(*parations at succeSvshTly increasing temperatures until the first 
sign of glass fornuition was observed, and both preparations gave the temper- 
ature as 7(;3®rt;i®. With the eutectic temperature known, extrapolation of 
the two meltirg i)oint curves hoeomes a more reliable method of locating the 
eutectic composition, wljich is estimated as 35 mol percent Na2?i03, 65 
percent 8i()2, or 26.5 percent Na2(>, 73.5 percent Si02. 

Addition of Na20 to silica produces a rapid lowering of the melting point, 
and tlcic is no limited miseibility, such as has been found by Creig* in the 
systems formed by Si02 w’ith ("aO, ^'gO, and 8rO. Addition of 4.07 percent 
Na20, giving a mixture containing 5.12 percent Na28it)3 and 94.88 percent 
Si02, low^erB the melting point from 1710°, the melting point of cristobalite. 

^ A oomplcte account of this work will appear in a forthcoming paper by Creig. A 
preliminary discussion w^as presented at the (Christmas, 1923, meeting of the Geological 
Society of America, 
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to 1598®, with cristobalite as solid phase. Two points were determined on 
the very steep curve representing equilibrium between tridymite and liquid 
mixtures of increasing NasSiOs content, but these present no special features. 
The mixture containing 68 mol percent SiOa was ciystallized by heating for 
three days at 750®. The crystals developed were high temperature quartz; 
on determining the melting point of this mixture by the quenching method 
quartz persisted until 842*^, the liquidus for this mixture. This point was the 



Fig. 2 

Temperature composition diagram of the binary systems LisSiOi-SiOa, NasSiOr 
SiOa, and KjSiOrSiOa. 

most difficult of all to determine; in each run both crystals and glass were 
heated together at constant temperature for 14 hours, a shorter time not 
being sufficient either to dissolve the quartz above the liquidus or to form 
crystals in the glass below the liquidus. 

Comparison of the Systems formed by Si02 with the Metasilicates 
of Lithium, Sodium, and Potassium 

A comparison of the systems formed with silica by the other alkali meta- 
silicates is of interest. The system Li2Si0jrSi02 was worked out by Jaeger 
and van Klooster^ in a study which included also the mixtures approaching 
the orthosilicate in composition. The portion of their diagram from the 
metasilicate to Si02 is reproduced in Fig. 2. The system K2Si0a-Si02 was 

* Jaeger and van Klooster: Proc. Acad. Sci, Aniflterdam, 16, S57-880 <1914). 
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treated incidentally by Morey and Fenner^ in their study of the ternary 
system H20-K2Si03-Si02, but the melting points of the anhydrous compounds 
K2Si08 and K20.2Si02 were determined, as well as the isobaric polythermal 
saturation curves at one atmosphere pressure of water vapor. 

The metasilicates of the three alkali metals show a uniform diminution 
of melting point with increasing atomic weight, Li2Si03 melting at 1201®, 
Na2Si08 at 1088®, and KoSiOa at 976®. There is no such regularity in the 
melting points of the disilicate compounds, potassium disilicate melting at 
1041*^, sodium disilicate at 875°, while lithium disilicate has an incongruent 
melting point at 1032°. But when we consider the shape of the disilicate 
liquidus in each case, there is again a striking periodicity. The liquidus for 
K20.2Si02 rises to a well-defined maximum; the metasilicate-disilicate and 
the disilicate-quartz eutectic in the case of potassium are both at lower 
temperatures than the corresponding sodium eutectics, tho the potassium 
disilicate melts 1 57® higher. The sodium disilicate liquidus is unusually flat, 
there being a difference of only 35® between the temperature of the metasili- 
cate-disilicate eutectic and the melting point of Na20.2Si02. Lithium disili- 
cate shows a still flatter liquidus; the disilicate-tridymite eutectic is at 1029®. 
and the temperature of decomposition of the disilicate into metasilicate and 
liquid is 1032®, only 3® higher. This increasingly large amount of flattening 
of the melting point curve of the disilicate is to be ascribed to an increasingly 
large amount of dissociation in the liquid phase. 

The theorem that the melting point or vsolubility curve has a maximum 
temperature, at constant pressure, at the point where liquid and solid phases 
have the same composition is usually ascribed to Lorenz and Stortenbeker^, 
who derived the theorem, making use of Gibbs' zeta-function, apparently 
unaware that Gibbs himself had discussed this question in several places. 
In one place he^ states, with reference to a two-component system : “ . . . . 

two coexistent phases are capable, when the temperature is constant,* of a 
single variation in phase. But as (130) will hold true in this case when 
m/: ra2':: mi^: m2*', it follows that for constant temperature the pressure is in 
general a maximum or a minimum when the composition of the two phases 
is identical. In like manner, the temperature of the tw^o coexisting phases 
is in general a maximum or a minimum, for constant pressure, when the com- 
position of the tw^o phases is identical. , This may be applied to a 

liquid having two independently variable components in connection with the 
vapor which it yields, or in connection with any solid w’hich may be formed 
from it." The subject is also discussed from the graphical point of view^ on 
page 1 1 9, in a section of his paper in which Gibbs lays the foundation of the 
present graphical method of treating problems of phase equilibrium. In a 
later section, during the course of a discussion “On the Value of the Poten- 

• Morey and Fenner: J. Am. Chem. Soc., 39 , 1173-1229 (1917)- 

•Z. physik. Chem., 10, 183-202 (1892). 

• “The Scientific lepers of J. Willard Gibbs,” Vol. i, page 99. Longmans, Green 
and Co. 
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tials when the Quantity of one of the Components is very small” (page 135 ), 
Gibbs discusses this case more extensively, and lays special stress on the 
distinction between the adding of a new substance to the mass in question, 
in which case the potential is lowered, and the adding of a substance which 
is present as one of the components of the mass, in which the potential is not 
altered. 

The increased flattening of the disilicate curves in the series K-Na-Li is 
accordingly to be ascribed to an increased dissociation of the disilicate in the 
liquid phase; a dissociation not large in the case of potassium, but which is 
of considerable magnitude in the case of sodium, and which has become so 
great in the case of lithium that the compound can only exist in contact with 
liquids containing an excess of SiO*. In the case of the reaction presumably 
existing in the liquid phase, 

KsSij 05 = K8Si0,+Si02, 

the equilibrium at the melting point lies so far to the left that addition of 
either KjSiOs or SiOj produces a marked effect in lowering the melting point. 
In the reaction 

NazSijOs = Na2Si03+ SiO,, 

the equilibrium has shifted so far to the right that addition of either product 
of dissociation does not greatly alter the proportion of molecular species 
present, and hence does not greatly affect the melting point. In the case of 
the reaction 

Li2Si20s = Li2Si0,+Si02, 

this process has taken place to a still greater extent. We thus have in the 
dissociation of the disilicates of these alkali metals a progressive increase in 
dissociation at the melting temperature with decreasing atomic weight. The 
correlation between the melting phenomena of the meta- and disilicates of 
the ajkali metals with the present theories of atomic and molecular structure 
affords an interesting field for speculation. 

Petrologic and Technologic Applications 

The low temperature of the disilicate-quartz eutectics in both the potas- 
sium and sodium systems is a striking fact; one which is of fundamental im- 
portance lx)th in petrology and in glass technology. In lx)th cases the lowest 
temperatures in the .systems are found in mixtures high in silica, and in both 
cases the melting temperatures are lower than ever before observed in anhy- 
drous silicate systems. But it is not until we consider the addition of other 
components that the importance of these low-melting mixtures becomes 
evident. Addition of alumina to them will, of course, result in a further 
lowering of the melting point, until the ternary eutectics, at which quartz, 
feldspar and disilicate coexist in contact with liquid, are reached. The in- 
fluence of these extremely low eutectics in the still more complicated mag- 
matic systems is probably one of the factors which cause the feldspars and 
quartz to be the last phases to appear in the differentiation of the igneous 
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rocks, and it may be of still more direct influence on the probably even more 
complex phenomena associated with the formation of pegmatites. The 
importance of this low temperature eutectic to glass technology is even more 
fundamental. The composition of the potassium disilicate eutectic is about 
28 per cent K2O, 72 percent Si02; that of the sodium disilicate eutectic, 26 
percent Na20, 74 percent SiOa. It is evident that addition of (‘aO to the 
eutectic mixture will lower the melting point, the lowest melting mixture 
being that of whatever ternary eutectic there may be in the system. Put 
on addition of lime we pass at once into the field of the soda-lime-silica glasses, 
the type of glass which, as blown window glass and as plate glass, make up 
by far the major portion of the glass of commerce. The so-called “normal 
glass,’’ as represented by the Benrath formula, M20.Ca0.6Si02, may be 
taken as indicative of the usual types of these simple but industrially in^por- 
tant glasses; for a soda glass this gives a composition ri.6 percent CaO, 13.2 
percent NajO, and 75.2 percent SiOs, and for a potash glass, 11 percent C'aO, 
18.4 iiercent K2() and 70.6 percent SiOj. It will be noticed that in each case 
these are approximately the compositions that would result from replacing 
a portion of the alkali at tlu^ disilicate-quartz eutectic by lime, a procedure 
that would result in a lowering of the eutectic t(‘mperatun‘, until the region 
of the ternary eutect'e had been pa.ssed. This ternary eutectic, moreover, 
is not the lowest melting mixture to Ik* eonsider(‘d, as many glasses are of 
mixed composition, containing both potash and soda, and appreciable* 
amounts of Fe203 and Ahd.t are usually present, each of which additional 
components will probably further lower the* eutectic temperature. It appears 
probable, then, that most commercial glasses owe their power of resisting 
devitrification in their workiiig range to the fact that in this range they are 
at a temperature higher than that at whicli crystallization should begin. In 
other words, they remain in the “glassy,” that is, li(]uid condition because 
they are abov<» the temperature at which crystallization could l>egin in a 
mixture of the given composition. A study of the melting phenomena in 
the ternary systems Na^SiOs-f^aSiOa-SiOe and K2Si(),rraSR)3-Si{)2 is at 
present under way, which it is hoped will clear up these interesting relation- 
ships. 

Summary 

The system Na2Si()3-Si{)2 is of a simple typo, with one compound, sodium 
disilicate, Na20.2Si()2, and no solid solutions. Th(* melting point of Ma^PiOg 
is 1088® and the eutectic Na2pi03-Na2().28iO> is at 840®, 62.5 mol percent 
NaaPiOa, 37.5 mol percent Si()2. Ka2().28i()2 has a congruent melting point 

at 874®, and its melting point curve is characterized by an unusually flat maxi- 
mum. The Na20.2Si(Vquartz eutectie is at 793°, 35 mol percent NasPiOa, 
65 mol percent SiOs. The significance of this low-melt.ing eutectic in petro- 
logy and glass technology is discussed. 
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THE FRACTIONATION OF BIOS, AND COMPARISON OF BIOS 
WITH VITAMINS B AND C 


BY GEOHGE H. W. LUCAS 

The work described in the following pages grew out of the physico- 
chemical study of staphylococcus, anthrax and saccharomyces which has 
been carried on in this laboratory under direction of Prof. W. Lash Miller 
for a niunber of years. The first result of this study was that the toxicity 
of phenol solutions^ towards these organisms depends primarily on the 
chemical potential of the phenoP in the solutions employed; the effect of 
the addition of a salt to the solution® can in most cases be quantitatively 
accounted for by the effect of the addition on the potential of the phenol 
contained in the solution. 1 his cause of death, however, can be masked by 
the toxic effect of solutions whose osmotic pressures arc low* and the effect 
of adaptability of the organism made itself felt as a distmbing element in 
the experimental work. 

To gain more information on the latter point, a quantitative study of the 
acclimatization of yea-st® to ammonium fluoride and its reversion was carried 
out. In these experiments ammonium fluoride was dissolved in wort; and, 
as unpublished work by Miss A. Roberts shewed that the results were much 
affected by modifying the medium, attempts were made to grow yeast in 
the various solutions of sugar and salts described in the literature. None 
of these proved comparable to wort as a culture medium for yeast; an ex- 
planation was found in the work of Wildicrs® of Louvain whose experiments 
established the existence of an unknown substance, by him called Bios, 
which if not “indispensable’ au d^veloppement de la levdre" at all events has an 
extraordinary effect in accelerating its reproduction. Since W'ildiers' time, 
this substance has been studied by a number of authors some of whom re- 
discovered it for themselves.* 

The study of this substance here was undertaken by Mr. N. A. (.'lark 
and myself. Mr. Clark’s experiments shewed that, within wide limits, addi- 
tion of wort to the salts and sugar solution leaves the rate of reproduction 

‘ W. Lash Miller; . 1 . I'hvs. ('hem. 24 , 564 (192O: J- S- I>emon: 24 , 570 {1920); J. S. 
Laird: 24 , 664 (i92< );r. C. lTa 8 cr; 24 , 741 (i92(),25, i (1921); K, 1 . Fulmer: 25 , ro (1921). 

*Thc maximum of toxieify exhibited by mercuric chloride when dissolved in 25% 
alcohol can be accounted for similarly. J. S. laird; J. Fhys. Chem. 24 , 736 (1920). 

’Discovered by Scheurlen: Arch. exp. Path. Pharm. 37 , 74 (j8g,s), and studied by 
Beckmann: Cenfralbl. Baktcriologie 20, Abt. 1, 577 (1896) and by Paul and Krdnig; Z. 
Physik. Chem. 21, 414 (iHg6). 

* J. S. Laird; J. Phya. ( hem. 24 , 664 (1921 ); K. E. Burgess: 24 , 738 (1920L 

‘ E. I. Fulmer: , 1 . I hys, Chem. 26 , 453 (1922). 

• WUdiers; “La Cellule’' 18 , 313 (19 i). 

’Wildiers: loc. cU. P'or discussion of this point see Pringsheim: Cent. Baki. Parasit. 
16 , III {1905); Ide: 18 , 193 (191 7), J. Biol. Chem. 46 , 521 (1921); MacDonald and Mc- 
Collum: J. Biol. Chem. 46 , 525 (1921); Fulmer, Nelson and While; J. Biol. Chem. 57 , 397 
(1923); Funk and Friedman; Proc. Soc. exp. Biol, and Med. 20, 311 (1923). 

•Amend: “La (Cellule” 20, 223 (19(3); 21, 327 (19* 4); Devloo: zy 361 (1916); Ide: 
Cent. Bakt. Parasit. 18 , 193 (1917); Bottomley: Proc. Boy. 80c. 88, B 237 (1914) were 
among the earliest. 
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unaffected, but regulates the yield or total crop;' he also studied the effect 
of alcohol, acetone and a numter of other reagents^ on the rate of reproduc- 
tion of yeast, and laid the foundation for a convenient quantitative method 
for the determination of Bios®. My own experiments were directed to the 
isolation, or at least the concentration, of the active substance. 

In the winter of 1919-1920 Mr. Clark found that when wort is decolorized 
by charcoal its efficiency as a reproduction-promoting factor is removed. 
I spent a lot of time endeavouring to recover the active substance from the 
charcoal; but, as is now apparent, these experinients were bound to be un- 
successful, since the charcoal takes up only one of the two constituents of 
which I subsequently found the Bios to be composed. The fractionation 
was accomplished in l^ecemlier 1921 and a short note of the results obtained 
and the method employed was published in May 1923^ and a somewhat fuller 
account in January’^ 1924®. The presemt paper contains the results of my 
experiments; those of Mr. H. des B. Sims on the purification of Bios I, of Mr. 
E. M. Sparling on the liehaviour of Bios II with charcoal, and of Miss E. V. 
F^astcott on the mother-substances of Bios I and Bios II will shortly appear. 

In April 1923 I carried out a number of experiments on the effect of Bios 
I and Bios II, and of mixtures of these*, on polyneuritic* pigeons in the labora- 
tory of Prof, Clara C. Benson; and in May of the same year experiments with 
rats and guinea pigs were undertaken by Miss , 1 . Deas in the laboratory" of 
Prof. 1 C. Henderson using material supplied })y my'self. The n\sults show 
conclusively that my preparation.s are quite distinct from vitamins B and ('. 
Last winter I subjecte<l infusions of rice polishings (which contained vitamin 
B) to the chemical treatment which results in the fractionatiem of the Bios, 
and although two solutions were obtained containing Bios I and Bios II 
rc.spectively, Miss Deas’ experiments .show that neither of them nor the two 
togethc'r has the physiological effcH’t of vitamin B on rats. The treatment 
that results in fractionating Bios thus dc'stroys the vitamin. 

On the occasion of the recent visit of the British Association to Toronto. 
Prof. W. H. Kiddy supplied us with a beautifully crystallized sample of the 
Bios prepared by him fiom yeast. Working by our method we were unable 
to obtain the yeast crop that Prof. Eddy had shortly before secured from the 
same preparation, and at our suggc'stion he was good enough to bring with 
him tw"o cultures of the yeast used in his laboratory. Dne of these cultures 
behaved very like the yeast used here, both with Prof. Eddy’s cry^stals and 
with our two Bios preparations: in a solution of salts and sugar alone its 

' N. A. Clark: J. Phvs. Chem. 26 , 42 (1922). 

* N. A. Clark: J. Phys. Chem. 28 , 221 (i924>- 

* Wildiers, Aixiand and Dovloo measured the ga.s evolved by the yeiist crop, so did Miss 

Baehmann: J. Biol. Chem. 39 , 235 (1919), and Heaton: Bio<*hem. J. 16 , 800 (1922). Wil- 
liams grew single veast cells in a hangiiij: drop: J. Biol. Chem. 42 , 259 (i9^n)» '*3 

(1921); his method was adopt eti or modified by Emmett and Stockholm: J. Biol. Chem. 
43 , 287 (1920), Eddy and Stevenson: 43 , 295 (1920), Swoboda: 44 , 551 (1920), Whipple: 

175 (1920), Miller: 44 , 159 (1920). 

* G. H. W. Lucas: Trans. Roy. Soc. Canada, See, III, page 157 (1923). 

* W. I.*ash Miller: Science 59 , 197 (1924). 
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reproduction is very slight. The other culture, however, gave a high crop 
without addition of any Bios at all, although much more was obtained when 
Bios II or Bios I and II was present. This observation shews how necessary 
it is in work of this kind to control the strain of yeast employed, and no doubt 
explains repeated failures in this laboratory to duplicate the results obtained 
by Mr. Fulmer^ with his medium E. 

L Apparatus and Methods Employed 

The yeast vsed for seeding was obtained from a Fleischmann^s yeast cake 
by plating on wort agar; the second plating was effected from a three-pronged 
colony on this first plate, and the third plating from a three-pronged colony 
on the second. Working in this manner we have never obtained a yeast 
culture that increased more than ten-fold when rocked 24 hours at 25^0 in 
the artificial medium made with unpurified commercial cane sugar as de- 
scribed below. The yeast from the third plate was used to seed wort (pre- 
pared as described by Mr. Clark^) to a count of 1.0 or 2.0 which was left in 
an Erlenmeyer flask in a Freas^ oven at 25%', and used to seed the experi- 
mental tubes about 20 hours (but never more than 24 hours) after the flask 
had been seeded®. A new flask of wort was seeded each day from the culture 
of the day before; with care the culture could be kept going four months 
without contamination. 

Determination of Bios: When the rocker tubes were ready for seeding, 
about 10 cc. of the well-shaken flask culture was filtered with suction on a 
small filter paper sterilized by alcohol; the yeast was washed alK)ut ten times 
with sterile water, and was suspended in sterile water to a count of 1.0 cc. 
of this suspension was atlded to the contents of the tube viz. 5.0 cc. of the 
stock salts-and-sugar solution, a measured volume of th(' solution in which 
the Bios was to be determined, and enough water to bring the total contents 
of the rocker tube to lo.o cc. after the yeast suspension had been added. 
The tube was then rocked in a thermostat at 2 5®C' for 24 hours, after which 
the yeast crop was determined. 

The rocker tubes were the I.r-shaped tubes described by Frasiir^ but smaller, 
total length being about 27 cm. with a bend in the middle; the capacity of 
the closed end to the bend was about 15 cc. The open ends were closed with 
cotton wool ; twenty-four of these tubes could be slipped in a ra(^k and rocked 
in a thermostat at 2 5°C. In the first experiments the contents of the tubes 
were sterilized by heating for half an hour in the steam sterilizer before adding 
the yeast suspension; it was found however, that by measuring sterilized 
salts and sugar solution and Bios extracts into sterile tulx»s with sterile pipet- 
tes, this additional sterilization could be avoided. 

' Fulmer, Nelson and Sherwood: J. Am. Chem. Soc. 43, 191 (1921b 

® N. A. Clark: J. Phys. Chem. 26, 42 (1922). 

*E. T. Fulmer: J. Phys. Chem. 25, 10 (1921). 

* C. G. Fraser: J. Phys. Chem. 25, 4 (1921b 
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Determination of yeast crop: At first this was accomplished by means of 
the haemocytometer^ hence the unit in which our yeast concentrations are 
recorded: one cell over each large square of the Thoma ruling corresponds to 
250,000 cells per cc.; a ^^count’’ of 350, for instance, thus corresponds to 
350X250,000 cells per cc.or 10X350X2 50,000 cells in the jocc. of liquid in the 
rocker tube. Afterwards the centrifugal method*^ was used: 2.0 cc. of the 
contents of the rocker tube was pipetted into a cylindrical tube of about 
10 cc. capacity to the bottom of which a capillary extension was fused; some 
solution was then added which had the effect of hindering fermentation; the 
mixture was let stand five minutes, it was then centrifuged for 7 minutes, 
and the height of the (*olumn of yeast in the capillary determined by a milli- 
metre scale, and converted into ‘‘count’’ by nx^ans of a previous calibration 
of the capillary Avilh the haemocytometer (one millimetre corresponded to a 
count of about 10). One cc. of a solution containing 10 g of sodium chloride 
and 1.0 cc. of liquid phenol made up to 100 cc. stops fermentation without 
shrinking the cells; this works well under normal conditions and gives more 
constant results than the sodium hydrate used by Oarlson; but for some 
purposi^s 2.0 cc. of normal chlorac'etic acid (introduced by Miss E. M. Taylor) 
is more vsatisfact.oi^\ 

The artificial medium employed is that of Mr. N. A. (‘lark; its composition 
is much like that of Niigeli’s solution but cane sugar is used in place of dextrose^ 
Purification of the cane sugar by charcoaP materially improves this medium 
from our point of view, for with a seeding of a “count” of t it cuts down the 
2.4 hour crop of y(‘ast from a count of 10 to a count of 5. 

Determination of solids: For this purpose a measured volume of the liquid 
(usuallj^ 10 to 25 cc.) was left 24 hours or so in an oven at lo^^C and the resi- 
due weighed. 

Malt combings infusion C'root-brew^'): In my first experiments wort was 
used as raw matei’ial; this substance however contains a large percentage 
of sugar which is difficult to remove and was abandoned in favor of an in- 
fusion of malt combings, i.e. of the dried rootlets of the sprouted barley, 
W’^hich was prepared as follows: 075 cc. of tap waiter is brought to boiling and' 
i 50 g of combings addc'd wuth stirring, while the temperature is held betw^^en 
8o°C' and 85°( ’ for j o to 1 5 minutes, during which t ime the roots become great- 
ly swollen. The w^hole is then transferred to a press and squeezed as dry 
as possible. The yield of infusion varies from 650 cc. to 700 cc; it is light 
brown in colour and colloidal in appearance; its specific gravity varies from 
1.016 to 1.024; 100 cc, dried for 24 hours at io5°r to iio°C leaves about 5 g 

^ Used by Souza and McCollum: J. Biol. Chcin. 44 , 113 U920); Wright: Biochem, J. 

137 (1922). 

® Introduced by Carlson: Biochem. Z. 57 , 313 (1913); used by Funk and Dubin: Biol. 
Chem. 44 , 487 (1920), who heated the cells to 70*^0 to stop fermentation, 

* The solution in the rocker tube contained per 100 cc: 0.417 g KH2PO4, 0,834 g NH4 
NOs, 0.071 g CaClabHaO, o.2( 8 ^ MgS047H*0, 10 g, cane sugar. For convenience the 
stock solution was made up to twice this strength. 

^Funk and Friedman: Proc. 80c. exp. Biol, and Med. 20, 311 (1923), purified their 
sugar by recrystallization from alcohol. 
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of residue if the sample be taken immediately after preparation, but if the 
brew be allowed to stand several hours a mud settles out leaving a much 
clearer reddish solution which contains about 4.8 g of solids per 100 cc* K 
the combings be ground before preparing the brew, or if those obtained from 
the malt house are very much broken, the solids in the brew may rise as high 
as 6.0 g per 100 cc. without any increase in the Bios. The brew, which is 
acid to litmus paper, has an acidity ranging from 0.02 to 0.03 normal (sodium 
hydrate, litmus paper), and a pH of about 4.4. One cc. of this infusion 
added to 5.0 cc. of the artificial medium and i.o cc. of yeast suspension and 
made up to lo.o cc. with water in the rocker tube, gives a count of 260 to 
280, i.e. 10x270x250,000 yeast cells from the i.o cc. of infusion. 

Concentration of the root breio: Immediately after preparation the brew 
is concentrated by boiling in vacuo ^ at a temperature ranging from 35®C to 
5o®C, to one-fourth of its volume. This treatment does not injure the Bios; 
for if a portion be diluted to the original volume, the yeast crop from the solu- 
tion so obtained is the same as from the original brew. 

Precipitation of the concentrated brew by alcohol: To the concentrate is 
added twice its volume of 95% alcohol, stirring meanwhile; a voluminous 
stringy precipitate is removed by filtration, leaving a clear reddish filtrate 
which contains the whole of the Bios but only two-thirds of the solids of the 
original brew. 

II. Fractionation of Bios 

The alcoholic filtrate is concentrated in vacuo (35®C to 5o®C) to one-tenth 
the volume of the original root-brew, and to this ^^alcohol concentrate^* is 
added a hot saturated aqueous solution of barium hydroxide in quantity 
determined as explained below; a slimy precipitate is formed which is not 
removed, and a strong smell of ammonia or amines is given off, moist red 
litmus paper held above the liquid turns blue. Alcohol, 95%, is then added 
in volume equal to twice the sum of the volume of the concentrate and the 
barium hydroxide solution; a voluminous, granular, rapidly settling precipi- 
tate is formed. In order to ascertain whether the quantity of barium hydrate 
added has been sufficient, a few drops of concentrated bar3rta water are 
added to a portion of the clear supernatant liquid; if there be immediate pre- 
cipitation, more barium hydroxide is necessary. 

When working with large quantities, the amount of barium hydroxide to 
be used should be determined by a preliminary experiment on a small scale; 
it depends upon the amount of solids per 100 cc. of brew, and varies from 30 
to 60 g of crystalline barium hydroxide Ba(0H)2.8H20 per litre of brew. 
The distribution of the barium in this reaction is given in Table Va. 

The precipitate after it is filtered off is washed with dilute alcohol (2 
volumes of 95% alcohol to one volume of water), and the filtrate together 
with the washings {^^Bios 11 liquor**), is worked up for Bios II as described 
later. 
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Bios I 

The barium precipitate, after wasliing, is stirred with three or four suc- 
cessive portions of water at room temperature, filtering between each; the 
volume of the filtrates when united should be about one-half that of the 
original brew. The portion of the precipitate which remians undissolved 
Charivm insoluhW^) on treatment with dilute sulphuric acid yields a deep red 
solution which contains neither Bios I nor Bios II and is consequently rejected. 

Bios I liquor: The filtrates C^Bios I liquor^^) are worked up for Bios I 
as follows: They are first saturated with carbon dioxide, and then boiled 
in vacuo to remove the excess of the gas, after which they are filtered; the 
precipitate contains no Bios. To the filtrate, heated to 6o°C or 7o®C, is 
added 2.5 N sulphuric acid until no further precipitate forms, from 100 to 
1 50 cc. of acid per litre of original brew is needed. In order to be certain that 
the excess of sulphuric acid is not too great, a small portion of the liquid is 
removed, centrifuged clear of precipitate, and concentrated baryta water 
added from a burette until the excess of sulphuric acid is neutralized; if the 
excess be large it is removed by barium hydroxide, care being taken to leave 
no barium in the solution; working in this manner it is possible to leave only 
a small excess of sulphuric acid in the liquid. T he precipitate is removed by 
filtration, and contains no Bios. 

Crude Bios I solution: The filtrate when all the barium has been removed 
from the Bios I liquor C crude BiosI solution'^) is quite clear and smellssugary ; 
it is reddish in colour and if sterilized becomes much darker. It gives verj^ 
small precipitates with solutions of silver nitrate, mercinic chloride, and 
normal lead acetate; with phosphomolybdic acid or baryta water in the ab- 
sence of alcohol there is no precipitate. The solution contains glucose; it 
reduces Fehling^s solution; 5.0 cc. heated to 100%' for 2 hours with 0.25 cc. 
of phenyl-hydrazine and 0.25 cc. of glacial acetic acid, gave a bulky yellow 
crystalline precipitate ; after washing, the crystals had a melting point of 203 
to 204®C, and were identical in crystalline form with those of glucosazone. 

If a portion of the solution be diluted with distilled water to the volume 
of the original brew, 100 cc. of the solution so obtained contains from 1.2 to 
1.8 grams of solids which is about one-third of the .solids in the original brew; 
it is acid to litmus paper and varies from 0.02 to 0.05 normal. A **determi- 
nation of Bios^' in i .0 cc. of this dilute solution gives a count of from 40 to 50 
(brow gives 275), but if there be added Bios II solution (prepared as described 
below from the Bios II liquor obtained for i.o cc. of brew) the count rises to 
about 270. As the Bios II alone gives but a small count, these results show 
that Wildiers' Bios consists of two separable constituents, Bios I and Bios II, 
both of which must be present to enable the normal reproduction of the yeast. 

The following table gives the counts obtained from i.o cc. of each of ten 
preparations of root-brew (from Pec. 1921 to Mar. 1923) and the solids per 
100 cc. of each brew; also the counts obtained from solutions containing Bios I 
and Bios II from i.o cc. of the same brew. Solutions containing either the 
Bios I or Bios II alone give a count of 40 to 50 only. 
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Table I 

Brew: Count 275 265 280 280 275 275 275 270 286 280 

I&II:Count 315 336 27s 27s 270 ,250 275 286 270 260 

Brew: Solids 3.35 3.16 3.56 4.56 4.73 4.73 4.47 4,7,1 5.70 s.32g 

FrectpHaiton of Bios I mth lead: If to the Bios I liquor from which all 
the barium has been removed, there be added a solution of basic lead acetate, 
or a solution of neutral lead acetate followed by a solution of sodium or 
barium hydroxide, a precipitate is formed, the amount of which is increased 
on the addition of one volume of 95% alcohol; this precipitate carries down 
most of the Bios I, but the separation is not complete. If however, ammonia 
be used instead of the other alkalies. Bios I is carried down much more com- 
pletely, no alcohol is necessary, and trouble due to re-solution of the precipi- 
tate by excess of alkali is avoided. 

To carry out this precipitation, Bios I liquor ^ after the removal of barium 
by carbon dioxide and sulphuric as described above, is heated to 7o°C, and 
the calculated amount of normal ammonia is added, viz: — enough to neutra- 
lize the acidity of the liquor and an additional amount equivalent to the 
acetic acid radical in the lead acetate; a solution containing 80 g cf crystalized 
lead acetate per litre is then added in such quantity that 0.64 g cf crystallized 
acetate is added per gram of solids in the liquor. A finely divided yellow 
precipitate forms which coagulates rapidly in the warm solution, and is re- 
moved while the temperature is about 7o®C. The filtrate from this **lead 
precipitate^^ (which is much lighter in colour than Bios I liquor) on cooling 
deposits a small amount of bright yellow precipitate which contains no Bios I, 
and is therefore discarded; after removing the lead by hydrogen sulphide and 
the excess hydrogen sulphide by boiling in vacuo^ this filtrate contains from 
I. o to 1.2 g of solids per 100 cc. of original brew. A Bios determination, using 
the amount of filtrate formed from i.o cc. of brew, gave a count of 60 to 100, 
which was only slightly increased by addition of Bios II; the filtrate thus 
contains but little Bios I, and an attempt to recover it by using larger quanti- 
ties of lead acetate was unsuccessful. 

Bios I solution: The lead precipitate, washed with boiling water (about 
one-tenth the volume of the brew from which it was prepared; the washings 
contain no Bios I) is then suspended in water at room temperature, and a 
current of carbon dioxide is passed through for from five to twenty minutes 
or longer, depending upon the amount of precipitate under treatment. A 
yellow solution is formed; the precipitate is removed by filtration, and is 
treated with carbon dioxide and water so long as the filtrates are yellow. 
The filtrates are united, their volume should be about one-fourth to one-half 
that of the original brew; they are concentrated in vacuo to about one- 
twentieth of the volume of the original brew; during this concentration a 
small yellow precipitate forms which contains no Bios I. Four volumes of 
95% alcohol are then added, and a bulky white precipitate forms which is 
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easily removed by filtration and contains but a trace of Bios 1 (after removing 
lead and adding excess of Bios II counts of 55. 35, 60 were obtained from the 
amount of the precipitate formed from i.o cc. of brew). 

The alcohoUc filtrate from this precipitate is evaporated in vacuo at 3o®C 
to so®C to a small volume and the lead removed by hydrogen sulphide (with- 
out or with previous treatment with sulphuric acid); the lead sulphide is 
removed by filtration, and the dissolved gas boiled off in vacuo. The solution 
thus obtained, when concentrated is reddish yellow in colour; but when 
diluted to the volume of the original brew used in making it, is almost color- 
less and perfectly clear and contains on an average from o.io to 0.15 g of 
solids per 100 cc, these include a little glucose (Fehling's solution, glucosa- 
zone); it contains about 80% of the Bios I present in the original brew (see 
Table II) and is almost free from Bios II. Table II gives the counts obtained 
from nine different preparations of Bios I solutions made in February and 
March 1923 from the same stock of root-brew. In each case the Bios I 
solution was diluted to the volume of the original brew, and i.o cc. of this 
dilute solution with 1.0 cc. of a solution of Bios II (which by itself gave a 
count of 50) was made up to 10 cc. with sugar, salts, and yeast suspension 
in the rocker tube. The original brew gave a count of 280 and contained 
5.25 g of solids per 100 cc.; the solids in 100 cc. of the diluted Bios I solution 
are given in the table. 




Table II 





Count (I alone) 25 

25 

25 

20 20 

15 

20 

20 

20 

Count (I & II) 15s 

165 

225 

2ro 225 

210 

240 

200 

220 

Solids in I 0.14 

0. 16 

0. 12 

0.08 0 . I I 

0. II 

00 

d 

0. 17 

0.10 




Bios II 






Two methods of purifying Bios II liquor have been tried, only one of 
which is here described. The second method (in which alcohol was used) 
was worked out in the hope of avoiding the large expenditure of acetone in- 
volved in the first, but does not give so pure a product. In the acetone 
method, which was first employed, the Bios II liquor is saturated with carbon 
dioxide, the excess carbon dioxide removed by boiling in vacuo, and the pre- 
cipitate (which contains no Bios II) filtered off*. 1 he filtrate, after removing 
the alcohol and diluting to the volume of the original brew, is alkaline (about 
0.02 normal; hydrochloric acid, litmus paper); it contains 1.0 to 1.2 g of solids 
per 100 cc. of brew. Ihis filtrate is now evaporated in vacuo at as low tem- 
perature as possible until large bubbles are formed which completely fill the 
vessel; this occurs when the volume has been reduced to about one-tenth or 
one-fifteenth that of the original brew. If acetone be added to this concen- 
trate, a milkiness is formed, which at first disappears on shaking; on further 
addition of acetone a heavy red oily liquid separates; on still further addition 

^ It has been found that in some cases the carbon dioxide does not remove all the barium. 
A test should be made with sulphuric acid to see if a trace of barium remains; if so, it must 
be removed with sulphuric acid before counts or solids are determined. 
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of acetone with violent shaking, this liquid is replaced by a layer of yellowi^ 
gum (“acetone precipitate"), which adheres to the walls of the vessel and con- 
tains but little Bios II; the addition of acetone must be continued until no 
further precipitation takes place (from 0.8 to 1.5 times the volmne of the 
original brew). The yellow acetone solution is decanted off, filtered if neces- 
sary, the precipitate washed with acetone and the washings added to the 
solution; this is now concentrated in vacuo until the reddish yellow residue is 
almost tte consistency of a gum; this residue is extracted with successive 
portions of warm acetone (in all, about one-half the volume of the original 
Irew); the undissolved portion “acetone gum", contains but little Bios II. 
The acetone is evaporated in vacuo, leaving a thick, reddish liquid, of peculiar 
nauseating odor; on addition of water, in volume equal to that of original 
brew, a turbid yellowish liquid results which cannot be cleared by filtration 
(“Bios II soluiionacetone"). This liquid contains about o.io g of solids, nearly 
all organic, per 100 cc. of brew; it is bitter and is alkaline to litmus paper 
(about 0.004 N), and contains from 80% to 90% of the Bios II in the original 
brew. 

The “acetone precipitate” and “acetone gum” were dissolved in a little 
water, traces of acetone removed by boiling in vacuo, and the solution made 
up to the volume of the original brew. 1 his solution has a peculiar, pene- 
trating odor, distinct from that of the “Bios II solution acetone”; it is alkaline 
to litmus (about o.oi N), and contains about i.o g of solids per 100 cc. of 
brew including a trace of Bios II, (see Table III). The following table gives 
the counts from five preparations made in April and May 1922, also the solids 
in 100 cc. of “Bios II solution acetone” after diluting to the voliune of the 
brew from which it was prepared. The quantities used were those from i.o 
cc. root-brew; the last two lines are duplicate determinations with the same 
preparations. The precipitate and the gum are evidently free from Bios. 

Table III 

Col. 1 Bios II solution acetone. 

Col. 2 Acetone precipitate and acetone gum. 

Col. 3 Bios II solution acetone, acetone precipitate, and acetone gum. 

Col. 4 Bios II solution acetone and a crude Bios I solution which by itself 
gave a count of 50. 

Col. s Bios II solution acetone, acetone precipitate, acetone gum and crude 
Bios I solution, which by itself gave a count of 50. 

Col. 6 Grams of solids in 100 cc. Bios II solviion acetone. 


No. 

I 

2 

3 

4 

5 

6 

I 

35-50 

50-75 

75 

275 

28s 

O.II 

2 

35-50 

50-75 

75 

27s 

340 

O.II 

3 

50 

50-75 

50-75 

250 

256 

0.22 

4 

50 

50-75 


270 

275 

0.08 

S 

SO 

50-75 


275 

286 

0.078 

S 

35-50 

50-75 


275 

a8o 

0 

d 
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Degree of Concentration Attained 

The count obtained after 24 hours in the rocker tube, multiplied by 2,500,- 
000 gives the number of yeast cells produced from the i.o cc. of solution ex- 
perimented with; and if this product be divided by the number of grams of 
solids in i.o cc. the quotient gives the number of cells produced per gram of 
solids in the preparation. The figures in Table IV if multiplied by lo^*^ give 
the results of such calculations based on the data of Table IV lines r and 3 
for the Brew, Tabic II lines 2 and 3 for the Bios I solution, and Table III, 
Cols. 4 and 6, for the Bios II solution. In the experiments with Bios I it 
was of course necessary to add an excess of Bios II to the salts and sugar in 
the tube and vice versa; no correction was necessary for the amount of Bios 
II added with the Bios I used as reagent, but the Bios II solutions were not 
so pure and by themselves (with salts and sugar) gave a count of about 50, 
this has been allowed for in the calculations of Table IV. 

Table IV 

2.0 2.T 2.0 1.5 1.4 1.4 15 1.4 13 13 

IQ f8 36 50 40 37 

51 51 23 6q 72 56 

Distribution of the Solids 

Table V shows the distribution of the solids originally contained in the 
alcohol concentrate prepared from 100 cc. of brew. 

Table 

('ol. 1 (iraras of solids in the alcohol concentrate from 100 cc. of brew. 

Col. 2 Total grams of solids, excluding barium, in the fractions (sum of 
Cols. 3-s). 

( -ol. 3 Grams of solids in Bios I liquor from 100 cc. of brew after subtracting 
the weight of the barium in the Bios 1 liquor. 

('ol. 4 Grams of solids in Bios II liquor from 100 cc. brew after subtracting 
the barium. 

Col. 5 Grams of solids in ^'bariurn 'insoluble'" after subtracting the barium. 


No. 

! 

2 

3 

4 

5 

J 

3.02 

3*24 

0.96 

1-93 

0.35 

2 

3.02 

2 . 96 

1,24 

T . 26 

0.46 

3 

3.02 

2.96 

1.27 

1.17 

0.52 

4 

3.02 

3.02 

I 13 

1. 41 

0.48 

5 

3.02 

2.98 

1 .01 

1 . 46 

0.52 


Distribution of the Barium 

Table Va shows the distribution of the barium in an experiment in which 
varying amounts of barium hydroxide were added to an alcohol concentrate 
(see page 1184); when more than 4.5 g of crystallized hydroxide were used 
per 1 00 cc. of original brew, the excess separated from the alcoholic solution 
in crystalline fonn mixed with the barium precipitate. 


Brew: 

Bios I solution: 
Bios II solution: 



1 190 


OBOBGB H. W. I<t;CA8 


Table Va 

The ;weight8 refer to loo cc. of original root-brew; the numbers i, 2, 3 etc., 
refer to the same experiments as i, 2, 3 etc., of Table V. 

Col. I Grams of Ba(0H)2.8H20 used. 

Col. 2 Grams of Ba used (calculated from Col. i). 

Col. 3 Tot^ grams of Ba found (sum of Cols. 4-8). 

Col. 4 Grams of Ba in the CO2 precipitate from Bios I liquor. 

Col. 5 Grams of Ba remaining in Bios I liquor after precipitation by ('02. 

Col. 6 Grams of Ba in the CO2 precipitate from Bios II liquor. 

Col. 7 Grams of Ba remaining in Bios 11 liquor after precipitation by (’O2. 

Col. 8 Grams of Ba in 6anwm jnso/td>Ze. 


No. 

i 

2 

3 

4 

5 

6 

7 

8 ' 

I 

2.56 

00 

0 

w 

1 . 124 

0. 106 

0.384 

0.233 

0.000 

0.401 

2 

4.50 

1.938 

1.896 

0.473 

0.409 

0.380 

0. 102 

0.532 

3 

6.41 

2.762 

2.796 

1.007 

0.435 

0.702 

0.038 

0.614 

4 

6.41 

2.762 

2.562 

0.906 

0.409 

0.657 

0.038 

0.552 

5 

9.62 

4.144 

3 837 

2.056 

0.416 

0. 710 

0 

0 

M 

0.604 


m. Comparison of Two Strains of Yeast 

Of the two yeast cultures brought to Toronto by Prof. W. H. Eddy, both 
originating from Fleischmann’s yeast cake, the first proved very like the 
strain that we have used here for years; the second was a top j’east'. To 
compare them, tubes were prepared containing (a) salts and sugar alone, 
(6) salts and sugar and Bios I, (c) salts and sugar and Bios II, (d) salts and 
sugar. Bios I and Bios II. The Bios I employed was a very pure preparation 
made by Mr. Sims, and only 0.05 mg. of it was added to the 10 cc. of medium 
in tubes b and d; the Bios II was the best I could find ready to hand, the results 
with tubes c and d show that it WM not so pure as the Bios II acetone of 
Table III. Table VI gives the counts observed after 36 hours and after 200 
hours >n the rocker tube at 2 s®C ; the initial count was unity. 

Table VI 




36 Hours 



2CO Hours 



Prof. 


Prof. 




Eddy’s 

Our 


Fddy’s 

Our 



Bottom 

Bottom 

TopY. 

Bottom 

Bottom 

Top y 


Yoast 

Y, 

Yeast 

y. 

a no Bios 

8 

10 

900 

35 

8s 

3800 

b Bios I 

TO 

20 

990 

SO 

95 

3950 

c Bios II 

8s 

8s 

1700 

205 

270 

5100 

d I and II 

325 

37 S 

1770 

32s 

375 

5100 


It is obvious that while the reproduction of this top yeast is much helped 
by addition of the two Bioses, or indeed by addition of either one of them, 
yet even in the absence of Bios it gives a larger crop in 36 hours than the 

‘ Wildiers used “line levAre haute du type Sacch. rerer. J Hansen’' (loc. cit.) 
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bottom yeast does when both Bioses are present. The much discussed 
question whether Bios is indispensable or not to the reproduction of ‘‘yeast^^ 
is therefore ambiguous; the particular strain of yeast employed in the experi- 
ment makes all the difference. 

I plated some of this top yeast on wort agar; the colonies are quite dis- 
tinct 24 hours after seeding, when those of the bottom yeast are hardly 
visible. The appearance of the colonies is also quite different; instead of a 
three- or four-pronged star there is a raised dot in the centre of each. Grown 
in wort, the top yeast forms a scum on the surface, the other a sediment. 
Under the microscope the cells of the top yeast are much smaller than those 
of the other; measurements with the haemocytometer and the centrifuge tube 
show that the volume of a top yeast cell is very close to one-half that of a 
bottom yeast cell. 

IV. Animal Experiments 

In these experiments comparison was made between the action of my 
Bios I and Bios II preparations on the one hand, and such quantities of rice 
polishings, malt combings, yeast, or orange juice (or preparations made from 
them) as contained approximately the same quantity of the Bioses, on the 
other. 

Determination of Bios^ in rice poluhings^ etc,: 300 g of the polishings was 
extracted for 24 hours at with 3 litres of water, and 2660 cc. of filtrate 
obtained which (contained 1.27 g solids per 100 cc. The residue was extracted 
a second time with 2 litres of water (24 hours at 55®C) and yielded 2010 cc. of 


a filtrate containing 0.40 g solids per 100 cc. The two filtrates were united. 
In the rocker tube (24 hours at 25®(\ initial count C= i). 

1.0 cc. filtrates + salts and sugar gave a count of. . . . 210 

T.o cc. filtrates + salts and sugar + excess Bios II — 200 

1.0 cc. filtrates + salts and sugar + excess Bios 1 310 


Hence the Bios I ol)tained from one gram of rice polishings is sufficient 
to give a crop of 4670/300X2,500,000X210 — 80X10^ yeast cells, while the 
Bios II in one gram is sufficient for 120X 10® cells. 

Similar exf>eriments with the other materials gave the following results: 


Table VII 



Bios 1 

Bios 11 

1.0 g. nee polishii^ 

80X10*^ 

I2oXlO® 

1 .0 g. dried brewer's yeast 

160X10^ 

260X10® 

1.0 g. malt combings 

140X10*^ 

95X10® 

T.o cc. root-brew 

9X10^ 

7 • S X TO** 

1 .0 cc. orange juice 

I2XlO« 

7SXio« 

1.0 cc. Bios I solution 

6Xio« 


1.0 cc. Bios II solution 


6Xio« 


Pigeons 

The birds were bought in a poultry market and were of various ages and 
weights. Each of the first lot of 13 pigeons was given 10 g. of polished rice 
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daily (forced feeding being necessary after the first four days) and, in addition, 
Bios preparations equivalent to 0.6 g. rice polishings; these consisted of Bios 
I solution, Bios II solution, both Bios I and Bios II, root-brew, or dry malt 
combings; one of the birds received 0.6 g- of rice polishings per day, and two 
nothing but the rice. The birds were weighed once a week, and a chart kept 
of each. With the exception of the bird supplied with rice polishings, who 
lost weight, all got pol3aieuritis; two of them were cured by administering 
rice polishings on the fourteenth or fifteenth day, the first of these received 
i.o g. and recovered slowly, the other received 0.8 g. followed by i.o g. on 
the next day and recovered more rapidly. 

The second lot (12 birds) were given larger amounts of the Bios prepara- 
tions, viz. those corresponding to 3.0 g. of rice polishings per day; the solu- 
tions employed were evaporated to a small bulk and admim'stered by means 
of a pipette. The birds were grouped in pairs, one of each pair being fed one- 
twentieth of its body weight of polished rice daily, the other one-twentieth 
of an artificial diet^ In this case again the Thirds that received rice polishings 
escaped polyneuritis. Two birds were given 3 g. polishings daily for 14 
days and then 3 g. combings; 20 days after this change, one (art. diet) 
developed the disease, the other (rice) escaped. Of two pigeons each re- 
ceiving Bios I solution, one (art. diet), got polyneuritis in 17 days, the other 
(rice) escaped and was still alive but very weak after 45 days. Both birds 
on Bios II developed the disease in 22 days (rice) and 27 days (art. diet) 
respectively, while one (art. diet) to which no Bios was given fell ill in 22 
days. Of the two birds receiving both Bios I and Bios II, one (rice) got 
polyneuritis in 22 days, the other (art. diet) was still free from the symtoms 
on the 24th day when its crop burst and it had to be chloroformed. Con- 
centrated root-brew was given to three; this preparation was sticky, and 
difficulty in its administration caused the death of two of them, the third 
(rice) lived 45 days without polyneuritis but in very poor condition. 

It seems abundantly evident from these results that administration of 
the Bioses in quantities equivalent to those in 0.6 g. or 3.0 g. of rice polishings 
in no way replaces the latter as a preventative of or a cure for polyneuritis. 
Polished rice seems to be less hai’mful than the artificial diet employed; it 
may be that Bios I helps a little, but vastly less than the quantity of rice 
polishings that with Bios II gives the same yeast crop. The Bios II solution 
was very distasteful to the birds, a little sugar helped it down, but its curative 
value was nil, 

Guinea Pigs 

The pigs were fed on a diet of oats, hay, and carrots ad. lib. until they 
weighed about 300 g. after which they were put on a scorbutic diet consisting 
of: oats, sound whole grains ground in the laboratory, 59%; klim, heated 

*22% case in (heated for 24 hours at J20®C), 33% starch, 10% cane suaar, 2% agar- 
agar, 30% butter fat, and 3% of a mixture of salts consisting of: — sodium chloride, 46.25; 
magnesium sulphate cryst., 71.20; mono-sodium phosphate, 92.68; di-potassium phosphate, 
25A.60; cs^lcium acid phosphate, 1441.20; calcium lactate, 347.00; ferric citrate, 31.52; 
sodium duoride, 0.55; maganese sulphate cryst., 2.00; potassium iodide, 10.00; parts by 
weight. 
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in shallow trays in the oven at iio®C for at least 4 hours, 30%; butter fat, 
prepared by melting butter at a low temperature and decanting the fat, 10%; 
sodium chloride, 1%. 

The diet was administered for 1 8 days, during the first few of which car- 
rots were supplied in addition. On the 18th day administration of the Bios 
preparations was begun. 

One pig received 5.0 cc. of orange juice daily, this is the only one that 
escaped scurvy. One received no Bios, one received one gram of malt comb- 
ings daily (about twice the Bios of the 5.0 cc. orange juice). One received 
a solution of Bios I containing about twice the amount in the 5.0 cc. orange 
juice. One a solution of Bios II containing 1.8 the amount in the 5.0 cc. 
orange juice, and one both the Bioses in the same amounts as given to the 
two other animals. 

A full account, of the details of these experiments has been published by 
Miss J. Deas*; the above summary is sufficient to show that my preparations 
are distinct from vitamin (\ 

Rats 

Young, healthy, growing rats weighing about 30 g. were used; they were 
caged individually, weighed every few' days, and their weights charted. 

The basal diet consisted of: casein (heated for 24 hours at i2o°C), i89c; 
starch, 589( ; lard (aerated), salt mixture (same as used with the 

pigeons), 4^^ : agar-agar, 5^’^ ; with 5,6 mg. codliver oil per rat daily. 

The weight of dried brew^ers’ yeast necessary to provide ample vitamin 
B for growth in young rats is 0.4 g. per day; tl)e amount of Bios I and Bios II 
in the various preparations used to replace it are given in Table 8 (in which 
the factor 10^ is omitted); the liquids w'ere concentrated to 0.3-0. 5 cc. and 
adininistered through a tuberculin syringe fitted with a soft rubber tip. 



0.4 g. 

Tablk VIII 

i.og. r.t> g. riee 

8.5 ee. 

II cc. Bios 

18 ec. Bios 


yeast 

eoinbings polishings 

bn'W' 

I sol. 

T1 sol. 

Bios I 

64 

140 80 

76 

66 

— 

Bios II 

104 

95 120 

64 

— 

108 


Twenty-four rats w^ere used (“group A^'): two fed on a normal diet in- 
creased in weight from 30 g. to 100 g. and 90 g. respectively in 30 days, i.e. 
about 2.0 g. daily; seven died; the remaining fifteen were placed on the basal 
diet until their weights fell off, the Bios preparations w^erc then added to the 
basal diet, and finally rice polishings were supplied as a check and a cure. 
Of the fifteen, three each w^ere given malt combings, root-brew, Bios I, 
Bios II, and both Bios I and II together respectively. In every case the rats 
lost weight when their diet consisted of the basal diet (including codliver oil) 
either alone or with Bios preparations, but gained when one gram per day of 
rice polishings was supplied. Full details of these experiments are being 


* J. Biol. Chem. 61 , 5 (1924). 
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published by Miss J. Dess'; Table IX gives the record of Rat No. 51 as 
example; under T is given the time in days from the beginning of the chart, 
W is the weight in grams of the rat, under AW/ AT the gain in weight per 
day, and under F the diet viz: N*= normal diet, basal diet alone. P*« 
basal diet plus Bios preparations, Rs basal diet plus rice polishings; an aster- 
isk shews the date at which the administration of codliver oil was b^pm. 


Table IX 


T 

W 

CH 

<1 

<3 

' K 

T 

W 

AW/AT 

F 

T 

w 

AW/AT 

F 

0 

32 

2.0 

N 

32 

42 

- 0.3 

P 

60 

57 

-0.3 

P 

4 

40 

1 .0 

B 

35 

43 

0 

P 

63 

56 

-1.6 

P 

8 

44 

0.7 

B 

37 

43 

— 1.0 

P 

6S 

S 3 

+0.5 

R 

II 

46 

1 .0 

B 

39 

41 

+ 4-0 

R 

67 

54 

+ 1-3 

R 


49 

0. 

B 

42 

52 

+ 1-5 

R 

70 

58 

+ 1.0 

R 

16 

49 

o-S 

B 

44 

55 

+ I.S 

R 

72 

60 

+ 1.0 

R 

18 

SO 

-0.7 

B 

46 

S8 

.0 

B 

74 

62 

+0.3 

R 

21 

48 

-o-s 

B 

49 

61 

0 

B 

77 

63 

+ T .0 

R 

23* 

47 

0 

B 

51 

61 

0 

B 

78 

64 


R 

25 

47 

- 0-3 

B 

S 3 

61 

-0.7 

P 





28 

46 

-O-S 

P 

56 

59 


P 




i 

30 

45 

-i-S 

P 

59 

57 

0 

P 






V. An Attempt to fractionate the Growth-Promoting Vitamin 

In the course of the experiments with the rats of Group A, the infusion 
of rice polishings described on page 1191 was administered daily (in the 
quantity prepared from one gram of polishings) to nine of the rats and proved 
ineffective; a? administration of one gram of the polishings themselves in- 
variably produced prompt results, it was sought to determine the conditions 
under which an effective infusion can be prepared, and experiments were 
made with infusions in water at two temperatures, in aqueous alcohol, and 
in alkaline and acid solutions with or without addition of trypsin or pepsin 
respectively. The rats used in this work were all from the same importation; 
some of them (“group B”) were large enough for use when they arrived, the 
others (“group C”) were from litters raised in the laboratory. None of them 
were as suitable for the work in hand as those of group A ; the group B rats 
proved capable of gaining weight on the basal diet, and those of group € 
remained stationary or lost but little. However, the results seem definite 
enough to warrant publication. 

Comparison of the Infusions 

Water: — A. new infusion made at ss°C as described on page 1191 was 
administered (each day the quantity from one gram of polu^ungs) to each 
of ei^t rats; when these were put on the basal diet (including codliver oil), 
the after-effect of the normal diet was perceptible on the charts for about a 
week or ten days, after which they were continued on the basal diet a fort- 


* J. Biol. Chem. 61 , 5 (1924). 
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uight or longer before the infusion was added to their diet. Table X gives 
the number of days on the basal diet after the effect of the normal diet had 
worn off, and the gain in weight during that period; also the number of days 
and the gain per day while they were receiving the infusion. 


Table X 


(Sroup 


B 

B 

C 

C 

(' 

C 

C 


Basal diet: 

Days 

42 

42 

34 

14 

14 

34 

14 

14 

<< (( 

Gain 

30 

32 

0 

2 

0 

0 

0 

3 

i ( ti 

aw/at 

0.7 0.7 

0 

0. 1 

0 

0 

0 

0.2 

Infusion 

Days 

30 

30 

20 

20 

20 

20 

20 

20 

(( 

Gain 

42 

42 

22 

20 

1 I 

4 

0 

8 

1. 

aw/at 

1*4 

1.4 

1 .0 

T .0 

0-5 

0-3 

0 

0.4 


A third infusion was made in similar manner but at 3 for 12 hours, 
using three portions each of 500 cc. water, and 100 g. polishings, each extrac- 
tion lasted 1 2 hours, and a few drops of chloroform were added as protection 
against microbes. The quantity prepared from i.o g. of polishings was 
‘given daily to each of three rats, and one gram of the dried residue from the 
extraction to each of two others fall five of group B); from the results of 
Table XI, it seems that at least half the vitamiti must have been left in the 
residue. 


Table XL {Wafer}. /, infusion: residue: Rats B. 


Basal diet: 

Days 

28 

28 

28 

32 

32 

t i 

AW/ AT 1.0 

0 8 

0 4 

0.6 

0 6 

Preparation 

Days 

/ 20 

20 

20 B 20 

20 

ti 

AW/AT . . 1 

'■3 

0.6 

1-7 

I 0 


Alcohol: 300 ce. of 95^:^ alcohol diluted to 500 cc. with water was used 
to replace the water of the previous paragraph, the loo g. of polishings lieing 
extracted three times for 12 hours at 37®C as before. On evaporating the 
mixed filtrates a fatty precipitate (soluble in alcohol) was formed, this was 
not removed; 0.5 cc. of the concentrated infusion corresponded to one gram 
of the polishings. Table XII shows that much of the vitamin stays in the 
residue. 

Table XIL (Alcohol). 1 , infusion, 0,5 cc.; /?, residue, 1.0 g.; (daily). 

Rats B. 


Basal diet: 

Days 

28 

28 

28 

28 

28 

(i 

aw/at 

0.6 

0.6 

0.4 

0.6 

0.8 

Preparation: 

Da3r8 

/ 24 

24 

24 R 24 

24 

ii 

AW/ AT 

0.4 

0.6 

1*5 

1 . 2 

3 -3 
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Trypsin: 500 cc. of a solution containing 2.0 g. of trypsin*, 1.5 g. of sodium 
bicarbonate, and 7.0 cc. of N/io hydrochloric acid (to bring it to PH =8) 
was used to extract 100 g. rice polishings, a few drops of chloroform being 
added to keep down bacteria. After 12 hours at 37°C an attempt was made 
to filter, but only 250 cc. of filtrate was obtained. One litre of the bicarbon- 
ate-trypsin-solution together with 3.0 g. additional trypsin was added to the 
residue; and after another 12 hours at 37®C n6o cc. of filtrate was obtained 
which was added to the first 250 cc. and the whole brought to the boiling 
point to destroy the trypsin. Nine-tenths of this liquid was then evaporated 
in vacuo (at about so'C) to a volume of 100 cc. (a small precipitate formed 
during the evaporation was not removed) and to the concentrate was added 
60 cc. of 95% alcohol; this caused a white precipitate "cdcohoJ predpUate" 
which was removed by filtration and washed with 60% alcohol, after dr3Hng 
in the air it weighed 2.5 g. The filtrate was evaporated to 45 cc. so that 0.5 
cc. corresponded to i.o g. of the polishings. The results of Table XIII show 
that the vitamin is distributed among the fractions; and in a parallel set of 
experiments in which the sodium bicarbonate solution was used without 
trypsin, much the same result was obtained (Table XIV). 

T.able XIII. (Trypsin). F, filtrate, 0.5 cc. R, residue, j.o g.; P, ale. ppte., 

0.1 g; (daily). Rats B. 


Banal diet : 

Days 

38 36 

34 34 

34 42 


aw/at 

0 

0 

00 

0.6 0.8 

0.9 0.6 

Preparation : 

Days 

F J4 14 

16 li 16 

18 Pj8 

“ 

aw/at 

00 

d 

00 

0.6 1.2 

1 . 1 0.8 

Table XIV. 

( Bicarbonate). 

Fj filtrate 0.5 cc.; 

li, residue, 1 

.0 g.; P, ale. 


ppte.. 

0.1 g; (daily). Rats B. 


Basal did : 

Days 

22 22 

22 22 

22 22 

it 

AW/ AT 

d 

d 

0.8 0.8 

0.8 0.6 

Preparation : 

Days 

F 16 17 

16 II16 j 

P 12 JS 

a 

aw/at 

1*5 1-7 

1.3 2.0 

-0.5 1.7 


Pepsin: 100 g. of rice polishing was extracted with 500 cc. 0.6 N hydro- 
chloric acid containing 0.5 g. pepsin'-* for 12 hours at 37"C; the residue was 
extracted twice more in the same manner and the filtrates united, neutrah'zed 
with sodium bicarbonate, evaporated in vacuo, and treated with alcohol as 
in the case of the trypsin infusion. The precipitate with alcohol weighed 
4.5 g. air-dried; the administration of o.i g. daily helped growth (Table XV), 
but in the case of a second preparation made on the large scale, where the 

' I'lypsin — Digestive Ferments Co., Detroit, Mich. 

* “repainvm " — National Drug and Cheinicnl Company of Canada Limited, Pharma- 
aeutical Laboratory, Montreal. 
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precipitate was thoroughly washed with 60% alcohol, even quantities of 0.25 
to i.o g, daily proved ineffective (Table XIX). The residue after extraction 
with the pepsin solution likewise proved unable to maintain growth (Tables 
XV and XVIII) so digestion with pepsin evidently concentrates the vitamin 
in the alcohol filtrate. The filtrate was concentrated in vacuo until 0.5 cc. 
corresponded to i.o g. of polishings. 

Parallel experiments in which the hydrochloric acid alone was employed 
(without pepsin), left a considerable amount of the vitamin in the residue 
(Table XVI). 

Table XV. (Pepsin). F, filtrate, 0.5 cc.; R, residue. 1.0 g; P, ale. ppte., 

0.1 g; (daily). Pats B. 


Basal diet: 

Days 

22 

22 

22 

22 

22 

22 

22 

n 

AW/ at 

0.3 

0 8 

0 

3 0.6 

0 

5 0.2 

0-5 

Preparation: 

Days 

F 18 

20 

16 

R 14 

M 

P 20 

j6 

u 

aw/at 

2 . 2 

I 4 

r . 

3 02 

0 

I 9 

0.8 


Table XVI. (Acid.) F. R. P, Rats, as in Table X^^ 


Basal diet: 

Days 

22 

22 

22 

22 

22 

22 

it 

aw/at 

0 4 

0 

0 3 

0 . 1 

0-7 

0 5 

Preparation : 

Days 

F 18 

20 

20 R 24 

20 P 14 

it 

aw/at 

j . I 

0.7 

0.0 

0 () 

T.5 —0.2 


Treatment of the Pepsin Infusion with Alcohol and Baryta 

The above results show that digestion with pepsin is the best way to re- 
move the vitamin from rice polishings; accordingly 2750 g. of the polishings 
were treated as described above, and the neutralized filtrate evaporated to 
5900 cc.; to this was added 12 litres of 95^^^ alcohol; after it had stood for a 
week to settle, the precipitate was removed by a Sharpies centrifuge and 
washed twice with dilute alcohol. The precipitate (244 g. air dried) contained 
very little vitamin (Table XIX), and the residue from the extraction practi- 
cally none (Table XVHI). The solution was evaporated in vacuo to a volume 
of 2500 cc. and 5 litres of 95% alcohol was added, only a trace of precipitate 
being formed; the volume was now 7310 cc, or 2.66 cc. pei^gram of polishings 
used. Amounts of this solution (after freeing from alcohol by evaporation) 
which corresponded to 0.25, 0.50, 0.75 and 1.0 g. rice polishings were then 
given daily to 16 rats (4 for each amount, Table XVII), and, for comparison, 
0.25, 0.50, 0.75 and 1.0 g. of rice polishings themselves to fourteen more 
(Table XX). 

Comparison of Tables XVII and XX shews that the filtrate is somewhat 
inferior to the polishings from which it was prepared; and that, between 0.5 
and 1.0 g., the amount supplied to the rats is unimportant. 



1198 GBOROE H. W. LTTCAS 


Table XVII. (Pepsin.) 

Filtrate from a 0.25 g; 
I.o g; (daily). Rats C. 

6 0.50 

k; c 0.7s g; d 

Basal diet: 

Days 

10 10 

10 6 

10 

10 10 12 

it 

AW/AT 

0.2 0.2 

0.2 —0,7 

0 

-0.2 0.2 0 

Filtrate: 

Days a 

20 20 

20 20 h 

20 

20 20 20 

H 

AW/ at 

d 

d 

0 0.8 

0.8 

0,7 1 . T 0.7 

Basal diet: 

Days 

TO 8 

ro 8 

10 

10 10 

a 

AW/ at . ■ 

-0.6 —0.6 

0 0.7 

0.2 

0.2 —0.6 

Filtrate: 

Days c 

20 20 

20 d 20 

20 

20 20 

a 

aw/at 

0.8 0.6 

0.8 0.8 

0.9 

0.8 0.8 

T.able XVIII. (Pepsin.) 

Residue: 0 0.25 g; b 0.50 g; d r.o g; (daily). 
Rats C. 

Basal diet: 

Days 

f 4 14 

14 14 

14 

14 14 14 

it 

AW/AT 

0.3 0.7 

0.8 0.4 

0.2 

0.3 0 3 0.6 

Residue 

Days a 

16 16 h 

16 16 

16 d 

16 16 16 

a 

aw/at 

0.5 0.3 

0 0.3 

0 

0 00 


Table XIX. (Pepsin.) Ale. precip: a 0.25 g; b 0.50 g; d i.o g; fdaily). 


Rats C. 


Basal diet: 

Days 


18 

18 17 

16 16 16 

tt 

AW/AT 


0-5 

0.7 0 

0.1 0.1 -0.3 

Precipitate: 

Days 

a 

14 

14 b 14 

14 d 14 14 

a 

AW/ at 


0*3 

0.7 0.6 

0.6 0.6 0.3 

Table XX. 

(Polishings.) a 0.25 g; b 0.50 g; c 0.75 g; d t.o g; (daily). 



Rats C. 



Basal diet: 

Days 10 

12 

12 

12 12 

10 10 12 

tt 

AW/ at 0.2 

0.3 

0.1 

0.3 -0.3 

0.2 0.2 — O.I 

Polishings: 

Days a 30 

30 

30 

0 

0 

0 

0 

0 

tt 

AW/ AT 0.4 

0.5 


0.3 0.7 

0.5 0.5 0.6 

Basal diet: 

Days 


10 

10 12 

10 10 14 

ft 

aw/at 


-0.4 

— 0.3 0 

—0.2 0 —0.3 

Polishings: 

Days 

C 

30 

30 $0 d 

30 30 30 

if 

AW/AT 


0.7 

0.8 0.9 

0.8 0.6 0,8 
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Treatment xvith baryta: To 667 cc. of the 7310 cc. of solution {i,e, to the 
solution from 250 g. of polishings) was added 100 g. crystallized barium hy- 
droxide dissolved in 100 cc. of boiling water (the amount being based on prev- 
ious work in which the two Bioses were obtained from an aqueous solution 
of the polishings); 300 cc. of 95% alcohol was then added, and after assuring 
myself that no more baryta was necessary, the precipitate was removed by 
filtration, washed with 60% alcohol and treated with water etc., as described 
under ^‘Bios I,*' ultimately obtaining 125 cc. of a solution corresponding to 
the **Crude Bios I solution^^ of page 1185 and containing 13.6 g. of solids. 

The amounts of Bios I and Bios II in 0.05 cc. of this solution were deter- 
mined in the rocker tube; the counts were:— alone, count of 45; with excess 
Bios I, count of 53; with excess Bios II, count of 415. 1 he results with rats 
(Table XXI) shew that it contained no vitamin. 


'rABLE XXL (Bios I solution.) 

0.5 cc. solution 
Bats C. 

(from i.o g. polishings) 

Ba^sal diet. : Days 

8 8 

8 8 

“ aw/at 

— 0.5 0 

0 -0.3 

Solution Days 

20 20 

20 20 

“ AW/AT 

0 

M 

1 

0 

0 —0. 1 


The filtrate was freed from barium and alcohol as described under '*Bios 
I liquor and brought to a volume of 125 cc., which contained 40 g. of solids. 
In the rocker tube 0.05 cc. gave alone a count of 75; with excess Bios I, a 
count of 205; with excess Bios II, a count of 85; it therefore contains a little 
Bios I and a large amount of Bios II. The results with rats (Table XXII) 
shew that it was free of vitamin, and those of Table XX III shew that the 
two solutions administered together were unable to maintain growth. 


Table XXII. {Bios II solution.) 0.5 cc. 

Rati C. 

.solution (from 1.0 g. polishings) 

Basal diet: 

Days 

8 

8 8 8 


AW/AT 

0 

—0.7 —0.3 +0.3 

Solution 

Days 

20 

20 20 20 

<< 

AW/AT 

0 

0 0. 1 0 

Table XXIII. {Bios I and II solutions.) 

Rats C. 

Amounts from i .0 g. polishings, 

Basal diet: 

Days 

8 

8 8 8 

ii 

AW/AT 

0-3 

—0.3 —0.3 0 

Solutions: 

Days 

20 

20 20 20 

a 

AW/AT 

0.2 

0 0.20 
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The portion of the barium precipitate that remained undissolved (cor- 
responding to the ''barium insoluble” from the combinp) was left with T30 cc. 
of cold 1.2$ N sulphuric acid over night, filtered, neutralized with baryta 
and evaporated in vacuo to 100 cc. Table XXIV gives the results when 0.5 
cc. of this solution was administered daily; it evidently contains no vitamin. 


Table XXIV. 0.5 cc. solution prepared 

Rats C. 

from 

the ‘‘barium insoluble. 

Basal diet: 

Days 

8 

8 

8 8 

a 

AW/AT 

0 

- 0-5 

1 

0 

1 

0 

Solution : 

Days 

20 

20 

20 20 

(t 

AW/AT 

0.2 

0 

died C.2 


Evidently nothing has occurred with the vitamin analogous to the frac- 
tionation of the Bios; on the contrary it is mostly destroyed by the process. 


Summary 

1 . By precipitation with baryta in alcoholic solution, the Bios contained in 

malt combirgs and in rice polishings can be fractionated into Bios I 
and Bios 11 , neither of which by itself has any great influence on the 
rate of reproduction of saccharomyces cerevisiae Race F, but which if 
both are present together enormously increase the crop of yeast. 

2. The efl'ect of these substances on the rate of reproduction of yeast de- 

pends on the strain of yeast experimented with ; a top yeast is described 
which is much less dependent on Bios than Race F. 

3. Neither Bios I nor Bios II nor both together can replace the vitamins in 

preventing polyneuritis in pigeons or scurvy in guinea pigs or in main- 
taining the growth of rats. 

4. A method for extracting the growth-promoting vitamin from rice polish- 

ings is described. 

5. The chemical procedure that results in the fractionation of Bios destroys 

the growth-promoting vitamin without fractionating it. 

My thanks are due to Professor W. I-ash Miller under whose direction 
this research was carried out, to Miss J. Deas for collaboration with the 
guinea pigs and rats, to Miss J. Panton and Miss F. Burwash for assistance 
in feeding the pigeons and to Mr. S. W. Davidson and Mrs. G. H. W. Lucas 
for much help with the preparations. 

The University of Toronto, 

AuguM, 19S4. 



A STUDY OF THE MECHANISM OF THE CATALYTIC^ 
DECOMPOSITION OF ETHYL ACETATE BY NICKEI. 
AT VARIOUS P:LEVATED TEMPERATURES 


J. N. PEARCE AND C. N. OTT 

The catalytic properties of finely divided nickel recently reduced from its 
oxide were first noted by Sabatier about 1880. He and his co-workers, and 
others have since made many additional discoveries of uses for nickel pre- 
pared in this way. Perhaps the most important of the uses arc met with 
in the hydrogenation of unsaturated organic compounds. Nickel may also 
act catalytically as a dehydrogenating or as a decomposing agent under 
proper conditions. 

Bancroft^ states that when ethyl acetate is passed over nickel carbon 
dioxide and propane are formed. He states that the reaction is probably 
not comphde, but he does not state the temperature at which this reaction 
takes plac(\ H(* further points out the lack of knowledge of the exact 
mechanism of the reaction, and he suggests that hydrogen be mixed with 
the ethyl acetate so that the hydrogen might react with the decomposition 
products before they hav(‘ the opportunity to rea(‘t with each other. Saba- 
tier and Mailin'- liave shown that aliphatic acids in contact with nickel break 
up chiefly in t wo ways, d he first consists in the elimination of carbon dioxide 
from one molecule of the* acid; in the second, there is nn elimination of water 
and carbon dioxide from two nH)]ecules of acid: 

(1) H(X)()H — >-U()2+RH, and 

(2) 2R( OOH — + 

« 

Sabatier and Senderens’* state' that acetone is decom|X)sed rapidly i)y 
nickel at 270° to give carbon monoxide, methane, hydrogen, (carbon, and a 
little ethane' and e'thylene. They have also shown that ethyl alcohol is 
rapidly decomposed by nickel above* 230° to give acetaldediyde and hydrogen, 
and further that al)ove* 330® the aldehyde is completely decompejsed into 
methane and carbon monoxide'. Methyl alcohol is found to be slowly de- 
composed by nickel at t8o°, and rapidly at 250° into formaldehyde and (*ar- 
bon monoxide. At 250° and above, however, part of the formaldehyde is 
destroyed, and at 350® the resulting gas is a mixture of methane and carbon 
dioxide. These same authors^ report that ethyl ether when hydrogenated 
over nickel gives methane and carbon monoxide. Sabatier and Mailhe^ have 
found that ethyl formate is decomposed by nickel to give chiefly carbon 
monoxide and alcohol; the latter decomposes still farther into aldehyde, 

' Sabatier-Reed: '‘Catalysis in Organic Chemistry,'* 180 (1922). 

SaVmtier and Mailhe: Compt. rend., 52 , 1212 (1911). 

* Sabatier and Senderens; Ann. Chim. Phys., (8) 4 , 474 ( 1905). 

Sabatier and Senderens: Bull., (3) 33 , 616 (1905). 

* Sabatier and Mailhe: Compt. rend., 154 , 49 (1912). 
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methane and carbon monoxide. Mond^ found thati’educed nickel at temper- 
atures between 350® and 450® can produce the reaction: 2CO — >-C02+C. 
Sabatier and Senderens* have shown, however, that this reaction begins at 
230® and is complete above 350®. 

Theoretically, the decomposition of ethyl acetate might take place in one 
or more of several ways. It might give the CHs and COOCoHs radicles, in 
which case the addition of hydrogen should lead to the formation of CH4 
and ethyl formate, or its reduction products, and possibly some ethane: 

(1) CH3COOC2H5— + -COOCaHs, or with hydrogen 
CH3COOC2H6+H2 — )-CH 4 +HC 00 C 2 H 5 . 

It might break up to give first the ethyl and acetate radicles which form 
ethane and acetic acid, or its reduction products, if hydrogen were added: 

(2) CHaCOOCsHr.— ^CHsCOO- + -CsHb, or with hydrogen 

CH8COOC2H5+H2 — > CHsCOOH+CjHe. 

Again the reaction might be still more complete giving carbon dioxide, the 
methyl and ethyl groups, or perhaps carbon dioxide and propane, and possibly 
some ethane and butane. These should yield methane, ethane and carbon 
dioxide, if hydrogen is present at the time of decomposition: 

(3) CH3COOC2H6 — >“C02+C3H8, and with hydrogen 

CH3COOC2H5+H2 — CO2+CH4+C2H6. 

Finally, two molecules of the ester might break up simultaneously to give 
carbon dioxide, ether and acetone, thus: 

( 4 ) 2 CH 8 COOC 2 HB — ^ CH8C()CH3+(C2H6)20 + C 02 . 

The acetone could then decompose to give methane, carbon monoxide, hy- 
drogen, carbon and small amounts of ethylene and ethane. It should be 
noted that when two dissimilar radicles are formed in the decomposition these 
may combine with each other or with themselves to form higher hydro- 
carbons of various types. 

Therefore, a study of the products formed when the ester alone, or the 
ester mixed with hydrogen, is passed over nickel should throw some light 
on the mechanism of the decomposition. Briefly summarized, if the ester 
decomposes according to (i), the addition of hydrogen to the vapor before 
passing over the nickel should form methane and ethyl formate, or its de- 
composition produ(^ts. If it should break up according to (2), the hydrogen 
should cause the formation of ethane and acetic acid. If (3) is the proper 
scheme, the ester alone should gwe propane and carbon dioxide; with hydro- 
gen the products should be methane, ethane and carbon dioxide, or its re- 
duction products. While according to (4) the ester alone should yield carbon 
monoxide, hydrogen, methane, carbon, carbon dioxide, or its reduction prod- 
ucts, and small amounts of ethane and ethylene. Since hydrogen is already 
present in these decomposition products, the addition of more hydrogen 
should not greatly alter them. 

* Mond, Langer and Quincke: Chem. News, 62 , 95 (1890). 

2 Babatier and Benderens: Bull., (3) 29 , 295 (1903). 
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The temperature at which a catalytic reaction takes place greatly affects 
the reaction products, therefore, we should expect the dec^omposition products 
of ethyl acetate to vary with the temperature. Since the activity of a cata- 
lyst is affected by its age, due to change of form, or to accumulation of poisons, 
or to both, we might expect these decomposition products to change consider- 
ably with continued use of the same sample of catalyst, even under the same 
conditions. The purpose of the present investigation was to study the prod- 
ucts formed when ethyl acetate is decomposed by nickel at various tempera- 
tures, and to determine the influen<;e of added hydrogen upon these products. 
By this means we hoped to determine more specifically the mechanism of 
the catalytic decomposition of ethyl acetate by nickel. 

Materials 

The ethyl acetate was purified according to the method used by Wade 
and Merriam^ The crude ester was distilled three times from a large 
quantity of water and dried with anhydrous potassium carbonate. Two 
grams of wat/cr were added to each 500 (‘c. of ester and one-fifth of the mixture 
was distilled through a twenty inch evaporating column. The remainder 
was distilled four times from a large quantity of water, dried over anhydrous 
potassium carbonate for two days, then over phosphorus pentoxide, and 
finally fractionated. Its density was found to be 0.8870 at 30°: this value 
agrees closely with the value 0,8880 reported by Wade and Merriam. 

Ordinary nickel nitrate was twice recrystallized from a dilute 

nitric acid solution. The crystals were heated in an open evaporating dish 
Mow red heat until th(' ('volution of the oxides of nitrogen ceased. The 
resulting nickel oxide was pulverized and stored in a desiccator. When 
needed a column of the oxide about 30 cm. long was loosely packed into a 5 
mm, pyrex tulie and held in pla(*e by two wads of glass wool. The oxide 
was reduced at the temperature at which the catalyst was to be used; this 
required about two hours. When first reduced the nickel is black in color, 
but after use for some time it became grey or brown, and was then only 
slowly soluble in dilute hydrochloric acid. 

Apparatus 

, 1 he hydrogen was produced electrolytically from a battery of generators 
containing a concentrated solution of sodium hydroxide. It was then com- 
pletely dried by passing through a long tube of fused calcium chloride, two 
wash bottles containing concentrated sulphuric acid and two towers filled 
with rolid sodium hydroxide; it was finally passed through a tube filled with 
copper gauze, heated to dull redness, to remove traces of oxygen. 

The catalyst tube was heated in an electric tube furnace, the temperature 
of which was carefully regulated to within ±2.0® by a suitable external re- 
sistance. The temperature of the catalyst tube was determined by means 
of a delicate thermocouple fastened to the outside of the catalyst tube at the 

* Wade and Mejriam: J. Chem. Soc,, 101, 2459 (1912). 
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center of the furnace. The ethyl acetate was introduced through a fine cap- 
illary tube which terminated close to the front end of the catalyst material ; 
its vapor was carried through by the incoming hydrogen gas. 

The products of the reaction were analyzed by means of the standard 
Burrell gas analysis apparatus. The absorption solutions were prepared 
exactly as specified by Purdy and Krauskopf.^ An auxilliary 15 cm. pyrex 
tube of loosely packed copper oxide was also used for the fractional combus- 
tion of hydrogen and the hydrocarbons. It was covered with an asbestos 
shield and heated by a gas burner according to the method of White.^ The 
100 cc. water jacketed burette was provided with a manometer and a com- 
pensating tube to avoid the necessity of correcting for changes of temperature 
and pressure during an analysis. All barometer readings were made on a 
standard mercury barometer and wei’e corrected for temperature, elevation 
and latitude. 

Manipulation of Apparatus 

The tube of nickel oxide was placed in the furnace and allowed to come 
to the desired temperature. Hydrogen was then admitted until the forma- 
tion of water vapor ceased. The ethyl acetate was allowed to drop slowly 
in front of the catalyst, the heat at this point being sufficient to vaporize it 
and drive it through the catalyst. The products were led through a tube 
cooled with ice where the liquid portion condensed. Two samples of the 
gaseous portion were taken. One was collected in the burette and was 
analyzed for carbon dioxide and ethyl acetate; the other sample was collected 
in a bell jar over a solution of sodium hydroxide and was analyzed for carbon 
monoxide, hydrogen and the hydrocarbons. As soon as these samples wer(' 
collected the ethyl acetate was shut off and the apparatus was washed out 
with hydrogen. The ethyl acetate was again admitted and two samples of 
the decomposition products from the mixture of ester and hydrogen were 
collected and analyzed as before. The resulting reaction products were 
studied at 300°, 350®, 400° and 450°; the measurements at each temperature 
were always repeated with new samples of the catalyst. A second run was 
made with the same sample of the catalyst at 400° in order to determine the 
effect of age of catal.yst on the decomposition products. 

Analysis of Products 

The liquid product which was condensed in the tube at o® was analyzed 
in two ways. Several samples were fractionated through a ten-inch distilling 
column and in no case did the corrected boiling point differ by more than 0,2° 
from that of the original ester. Several samples at each temperature were 
quickly titrated at with N/20 sodium hydroxide and these showed no 
appreciable quantity of free acid. The samples of gas collected in the burette 
were analyzed for carbon dioxide and estej* by allowing them to stand over 
the concentrated potassium hydroxide solution until there was no further 

‘ Krauskopf and Purdy: J. Ind. and Eng, Chem., 12, 158 (1920). 

2 White: **Technical Gas and Fuel Analysis," p. 54 (1913). 
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decrease in volume. Since the gas was saturated with the ester at the tem- 
perature of the ice bath the fraction by volume (3f the ester present was equal 
to the ratio of the vapor pressure at 0° to the barometric pressure at the time 
the sample was collected. This fraction of the loss over potassium hydroxide 
was considered ethyl acetate; the remainder of the loss in volume represents 
the volume of carbon dioxide present in the effluent products. Ihe un- 
saturated hydrocarbons were removed from the samples collected in the bell 
jar over sodium hydroxide by nuians of fuming sulphuric acid. A\’hen those 
had been removed the remainder of the sample was passed over copper oxide 
at 240°, at which temperature the hydrogen and carbon monoxide are burned. 
The contraction following this combustion is equivalent to the volume of the 
hydrogen, since the change in the volume of the copper oxide and the volume 
of the liquid water formed are negligible; the contraction accompanying the 
subsequent passage of the residue over potassium hydroxide is taken as equal 
to the volume of the carbon monoxide. The remaining gases were again 
passed over copper oxide heated to 300®. At this temperature propane 
is burned and one half of the incr(*ase in volume following the combustion 
would be due to the propan(\ 1 o determine the ethane jiresent the residual 
ga.ses are next passed over the oxide at 380°: the increase* in volume following 
this combustion is equal to the volume of the ethane originally there. The 
remainder of the gas was considered as methane which burns over copper 
oxide only when heated to dull redness. 

The experimental results obtained in this investigation are recorded in 
Tables I, II and III. bach value given the means of at least two inde- 
pendently determined values. In 1 ables 1 and II tlie temperatures are given 
in the top horizontal row^; the vertical columns contain the percentages of 
the constituents indicated at the left. 


Table 1 

The Catalytic Decomposition of Ethyl Acetate alone b^" Nickel 



0 

0 

0 

350® 

400® 

450'’ 

Ester 

3-9 

3-2 

3*2 

3*2 

CO* 


8.9s 

17.4 

18.8 

H, 

32*15 

33-55 

18.2 

13.8 

CO 

21.95 

23-25 

19*15 

17.6 

C,H* 

00.00 

00.00 

00.00 

00.00 

C,H, 

2.9 

trace 

00.00 

1.05 

CH« 

29*15 

31*4 

42.4 

45*2 

Unsat’d 

0.6 

trace 

00.00 

00.00 

Acid 

00.00 

00.00 

00.00 

00.00 

Total 

TOO. 1 $ 

roo.3S 

100.35 

99-65 
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A study of this Table shows certain conclusive facts. No decomposition 
of the ester as manifested by the evolution of gaseous products was observed 
at or below 280®. At 300® the evolution of gas is very slow, indicating that 
the ester begins to decompose not far below this temperature. There is no 
free acid obtained at any temperature; the same is equally true for propane. 
Except at the lowest temperature there is no appreciable quantity of un- 
saturated hydrocarbons. Ethane appears in a small quantity at 300®, but 
disappears at higher temperature only to reappear at 450®. At all tempera- 
tures some ethyl acetate was found to pass through the catalyst unde- 
composed. 

As is evidenced from the Table the dominant reactions at the lower tem- 
peratures are those which lead to the formation of carl)on monoxide, hydrogen 
and methane. From 3 50® to 450® the amounts of carbon dioxide and methane 
in the products show marked increase with increase in temperature; on the 
other hand, the percentages of carbon monoxide and hydrogen decrease, the 
decrease being especially marked with respect to hydrogen. 


Table II 

The Catalytic Decomposition of Ethyl Acetate by 
Nickel in the Presence of Added Hydrogen 



300® 

3 so® 

400® 

450 ^" 

Ester 

3-9 

3-2 

3-2 

3-2 

CO* 

0-5 

0.00 

8.6 

15.05 

Hj 

90.3 

82,15 

53-2 

12.60 

CO 

0.9 

0.8 

9.15 

II . 10 

CaHs 

0.00 

0.00 

0.00 

0.00 

C,H, 

0.00 

0.00 

0.00 

trace 

CH. 

4.4 

137 

25.80 

58.42 

Unsat’d 

0.00 

0.00 

0.00 

0.00 

Acid 

0.00 

0.00 

0.00 

0.00 

Total 

100.00 

99-85 

99 -95 

100.37 


From Table II we see that there is no propane, free acid or unsaturated 
hydrocarbons formed at any temperature. The ethane appears only to a 
small extent at 450°, and some ester passes through undecomposed at all 
temperatures. The carbon dioxide and carbon monoxide are present in 
very small amounts at the low temperatures, but both increase with rise in 
temperature; this increase is even more marked in the case of methane. The 
amount of hydrogen in the decomposition products decreases regularly as 
the temperature is raised. 

As previously stated ethyl acetate may decompose in four possible ways. 
Let us consider each of these in turn to see which of them agree with the 
observed facts. 
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L According to the first possibility the ester molecule may decompose 
thus: CH3COOC2H6 — ^ CH3- + -COOCsHb. 

If these groups recombined or rearranged further ethane might be formed by 
the combination of two methyl groups; we might obtain carbon dioxide and 
propane from the combination of the methyl and ethyl groups; two complex 
— COOCaHs groups might decompose to give two ethyl groups, combining 
to fonn butane, and two molecules of carbon dioxide, or they might decom- 
pose in a slightly different ivay to form carbon monoxide, carbon dioxide and 
ether. While no data were found relative to the catalytic decomposition of 
ether by nickel it might be safe to assume that possibly through dehydration 
and the intermediate formation of ethylene, ether is decomposed to form 
methane, water and carbon: 

(C2H5)20.— ^ H20+f2(^2H4 — ^ 2CH4+2C). 

In any case, according to this scheme, ethane or higher hydrocarbons should 
be produced in considerable quantities. But aside from a very small amount 
of ethane no higher hydrocarbons were detected in the gaseous products. 

If h3''drogen were added to the ester decomposing in this way, we should 
expect the possible formation of methane and ethyl formate: 

CHz- + ~("00(\H5 + H2 — CH4 + HC()()C2H5. 

Ethyl formate, according to Sabatier and Mailhe®, decomposes to form carbon 
monoxide and ethyl alcohol: HCOOC2H6 — CO+C2H5OH. Sabatier 
and Senderens have shown that ethyl alcohol vapor over nickel at 230° de- 
composes to give acetaldehyde and hydrogen, and at 330° the acetaldehyde 
further decomposes to form carbon monoxide and methane: 

o o 

CjHsOH ^ Hj+{CH,CH() CH4+CO). 

These facts indicate that the final decomposition products from ethyl 
acetate in the presence of hydrogen should be methane, carbon monoxide 
and hydrogen. According to Sabatier and Senderens^ the carbon monoxide 
should decompose further to form some carbon dioxide and free carbon. 
These products were the ones actually found in the analysis. However, this 
scheme would demand a difference in the nature of the products when the 
ester is decomposed in the presence of hydrogen and when it is decomposed 
in the absence of added hydrogen. No difference other than in the relative 
quantities of the products was observed, 

II. According to the second scheme the molecules of the ester should 
first split into the ethyl and acetate radicles : CH 3COOC2H6 — >-CHsCOO — 
-f-CsHs—. These probably would react to form butane, carbon dioxide and 
ethane; or carbon dioxide and propane; or perhaps carbon monoxide, carbon 
dioxide and ether. The addition of hydrogen should cause the formation of 
acetic acid and ethane: CH3COO — | — C2H6+H2 — ^-CHaCOOH-f C2F6. 
This mode of decomposition either with or without hydrogen requires the 


* Bull. (3) 29 , 295 (1903). 
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formation of ethane and the higher hydrocarbons: the small amounts of these 
actually obtained show conclusively that this is not the mechanism of the 
reaction. 

III. The third theoretical possibility presumes a decomposition of the 
ester into three parts: CH8COOC2H6 — ►-CH 3 ~+C 02 +C 2 F 6 — . We 
might reasonably expect the methyl and ethyl groups to combine among 
themselves to form ethane and butane, respectively, or to combine with each 
other to form propane. If the decomposition takes place in the presence of 
hydrogen, the only products formed should be methane, ethane and carbon 
dioxide, or its reduction products, thus CH3~+C02+C2F;+H2 — >"CH4+ 
C02+C2F«. Ihis third scheme does not account for the presence of hydro- 
gen and carbon monoxide which are formed at all temperatures when the 
ester alone is decomposed in the presence of nickel. Ihis together with the 
fact that no propane and only slight traces of ethane are ever found indicates 
that our third assumption does not represent the true course of the reaction. 

IV. 1 he fourth possibility permits two molecules of the ester to decom- 

pose simultaneously to give carbon dioxide, ether and acetone, thus: 
CHsCOOCJis CaHi CH3CO CH3CO CH» 

— >0+ > 0 , and >0 — h >C()-fCOv. 

CII3COOC2F5 C2HC CHaCO CHaCO CHa 

The acetone decomposes further*"* to form hydrogen, carbon monoxide, 
methane, carbon and small quantities of ethane and ethylene: 

CHaCOCHa— J-CH4+CO+H2+r+ .... 

The ether might be expected to form methane, water and carbon, as shown in 1 . 

The mode of decomposition postulated in IV requires the formation of 
carbon dioxide, carbon monoxide, methane, free carbon, and small amounts 
of ethane and ethylene. No ethylene was found, but, with the exception of 
traces of ethane at the lowest and highest temperatures, all of the remaining 
substances were actually found in the decomposition products. Since hydro- 
gen is formed in the decomposition of the ester, the addition of more hydrogen 
should cause no great change in the products, except in the relative quantities. 
This was also found to be true. 

The similarity of the decomposition products formed when ethyl acetate 
is decomposed by nickel, either with or without the presence of hydrogen, 
precludes the possibility of the decomposition having proceeded according 
to I. The absence of any considerable amount of ethane or higher hydro- 
carbons in the decomposition products disproves scheme II, while scheme 
III fails to account for the formation of carbon and carbon monoxide which 
are always found. The decomposition products required by scheme IV, 
however, agree with those found by experiment. The addition of hydrogen 
caused but little change in the decomposition products, which is also in agree- 
ment with the theory. Furthermore, this mode of decomposition is similar 
to that given by Sabatier and Mailhe for the decomposition of acetic acid. 
Therefore, we believe that this scheme represents most accurately the mech- 
anism of the catalytic decomposition of ethyl acetate by nickel. 
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In Table III are given the results of the analyses of the decomposition 
products obtained by passing the ester over nickel that had been previously 
used. This experiment was undertaken because it was observed early in the 
work that the analyses of the decomposition products obtained in passing 
the vapor over the nickel varied considerably with the age of the catalyst. 
The analyses were easily duplicated, however, when fresh samples of the same 
or different catalyst were uscui. "1 he sample of catalyst had been used for 
approximately four hours at 400^. It was then heated in a stream of pure 
dry hydrogen for several hours at that temperature; ethyl acetates was agaiij 
passed over the nickel and new samples of the de(;oinposition products were 
collected and analyzed. The columns (I) represent the mean of two values 
at 400° as given in TaVjh's I and II for new samples of the catalyst. ( 'olumns 
(II) contain the values found by the analysis of the decomposition products 
ov^er the previously used nickel. 

Table III 

The Influcmce of Age of Catalyst upon the Decomposition of 
Kthyl Acetate at 400° 



Kstcr alone 

Kst er + H y d rogei 1 


I. 

II 

I 

II 

Kstor 


3 2 

3 2 

3 2 

CO2 

174 

8 2 

8 6 

6 3 

H. 

18.2 

21 i ) 

53 2 

60.9 

CO 

19. 1 

27 9 

9.1 

II .0 

( 'jHh 

00 0 

00 0 

00.0 

00 0 

C.Hf, 

00.0 

00 0 

00.0 

00 0 

('H4 

42.4 

38 7 

25.8 

18 6 

I'nsat’d 

00 0 

00.0 

00.0 

00.0 

Acid 

00.0 

00.0 

00.0 

00.0 

Total 

d 

0 

09- 9 

99-9 

100.0 


From these data it is obvious that the catalytic properties of nickel 
toward ethyl acetate are changed by continued use. With this change in 
properties there is a change in the trend of the reaction, but not in the nature 
of the products. W'hether we use the ester alone or a mixture of the ester 
and hydrogen, the percentages of the carbon dioxide and methane in the 
products are decreased, while those of carbon monoxide and hydrogen are 
increased. Two reasons may be advanced for this change in activity. First, 
the quantity of carbon monoxide in the effluent products is considerable, and 
carbon monoxide has been repeatedly shown to be a powerful poison for 
nickel in catalytic reactions. Second, other decomposition products may 
alter the surface of the catalyst. Scheme IV which seems to most nearly 
represent the mechanism of ester decomposition involves the deposition of 
some carbon. Further, freshly reduced nickel dissolves rather rapidly in 
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hydrochloric acid; samples of the nickel which had been used dissolve exceed- 
ingly slowly in the same acid. This would confirm the belief that the surface 
of the nickel becomes coated with some product that decreases its activity. 
In corroberation it may be stated that not only does the color of the nickel 
change, but there is deposited on the tube at each end of the catal3'8t column 
a dark brown film of unknown composition. 

Summary 

1. The products of the catalytic decomposition of ethyl acetate by nickel 
have been studied at 300®, 350°, 400° and 450®. 

2. The temperature at which ethyl acetate begins to decompose has 
been found to be slightly below 300®. 

3. Ihe proportions of carbon dioxide and methane in the decomposition 
products were found to increase with rise in temperature; those of hydrogen 
and carbon monoxide decrease under the same conditions. Traces of ethane 
appear only at 300® and 450®. No higher hydrocarbons or free acid were 
found at any temperature. 

4. The addition of hydrogen to ethyl acetate vapor before passing over 
finely divided nickel produces little change in the nature of the decomposition 
products, indicating that the mechanism of the decomposition is the same 
with or without hydrogen. 

5. The activity of the catalyst is altered by some of the products of the 
decomposition of the ester. 

6. A scheme representing the catalytic decomposition of ethyl acetate 
by nickel has been suggested. 
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THE REDUCTION OF CERTAIN VAT DYES BY MEANS OF 
ALKALINE SODIUM HYDROSULFITE^^ 2 


BY JOHN H. YOE 


« I. Introduction 

Recently® a study has been made of the action of alkaline sodium hydro- 
sulfit^e on an oxyindanthrene dye (orange) of the formula 


\/^ 



n 





The results of this investigation indicated that the reaction between the dye 
and the alkaline bydrosulfite is ver>" rapid, that an insoluble crystalline re- 
duced dye (dark blue) is first formed, and that the latter is then peptized by 
hydroxyl ions to form a dark blue sol. The rate of peptization, and the 
amo%mi of dye stvff peptized by a given solution, depend upon the state of 
sub-division of the dye. The rate of reduction is much faster than the rate 
of peptization. The sol is coagulated by positive ions. The present paper 
represents the results of a continued study of the action of alkaline sodium 
hydrosulfite on various vat dyes of the following formulas: 


* Contribution from the Cobb Chemical Laboratory of the ITniversity of Virginia. 

* Published by permission of Dr. C. M. Stine, Chemical Director of E. I, du Pont de 
Nemours and Co., Inc., Wlmington, Delaware. 

* Yoe and Edgar: J. Phys. Chem. 27 , 65 (1923) ‘ 
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PoNsoL Blue G 



PoNsoL Blue U 




The dyes were furnished by the du Pont Company and were of high 
purity. 


n. Experimental 

In order to gain some idea of the rates of reduction of the different dyes 
at room temperature (21.5^0.) the following experiment was made: 0.05 
gram of each dye was put in separate beakers containing 6cc. of 6-N NaOH 
and socc. of water. After getting the dyes in suspension, 1.5 g. of Na2S304 
was added to each mixture and the time noted. The mixtures were frequently 
stirred. The time to the first appearance of color in each mixture was 
recorded and times to successively darker shades were taken. The results 
are given in the following table. 
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Table I 


Ponsol 

Ponsol 

Ponsol 

Pon.sol 

Blue n 

Blue P 

Dark Blur HR 

Violot RH 

1 min. 40 sec. 

4 min. 

1 1 min. 

8 min. 

Pale greenish-blue 

Pale blue 

Pale bluish-gray 

Pale bluish-gra>^ 

2 min. 45 sec. 


27 min. 


Pale blue 


Pale violet 

Pale blue 

15 min. 


35 

35 

Fairly dark blue 


Violet 

Fairly dark blue 


Taking the time to the initial appearance of color as a measure of the 
rate of reduction, it will be noted from the results above that the Blue G dye 
is much more rapidl}' reduced fat room temperature) than the other dyes. 
The particles of Blue (J are sf)herical and 2 to 3/^ in diameter. The Blue R 
particles are needle-shaped crystals, io-20/x long and 2 to in width. Ap- 
parently many of the particles are crystal fragments. Tark Blue BR and 
Violet RR consist of spherical particles, for the most part 5 to 20/1 in diameter, 
although some of the particles are only 2 or 3^ in <liam('ter. Since the 
particles of Blue G are the smallest, other things being equal, the rate of 
reduction should be the greatest. However, even with the dy(‘ (Blue G) in 
the finest state of division the rat(‘ of reduction (or }i(‘ptization of the reducc^d 
product) is extremely slow compared with Ponsol VelloM' G, the dye stuff 
employed in the ex})eriments of Yoe and Inlgarb Under similar conditions 
as thos(' in the above experiments (Table Ij, this Ponsol Yellow G gives a 
blue color in 2 or 3 seconds and a dark blue in 20 seconds. At the end of one 
minute the solution is an intense cobalt blue. Moreover, Ponsol Yellow G 
crystals offer vc^ry much less surface than any of the other dye stuffs. It 
consists of long needh^-shaped crystals, 50 to soofi in length and 5 tf) 15/i in 
diameter. Kven when compres.sed into a tablet (g.5 mm. diameter), this 
dye shows a rapid rate of reduction and solution (peptization). 

In order to have a measurable and uniform surface, Ponsol Blue G was 
compressed into a tablet (9.5 cm. diameter) by means of a steed cylinder and 
plunger just as had been done in the case of Ponsol Yellow G. The dye 
tablet was then put in a flat steel holder and adjusted so that its upper surface 
protruded about 0.5 mm. 1 he tablet holder w^as then placed in the reduction 
vessel contained in a constant temperature bath. A sciew-like stirrer was 
adjusted in the center of the vessel and 1 cm. from the bottom. The dye 
tablet was halfway between the center and the side of the vessal. During 
a run the speed of the stirrer was kept at 500 r.p.m. All reductions were 
carried out in an atmosphere of hydrogen. I'or details of the procedure and 
diagram of the apparatus see Journal of I^hysical (%‘mistry, 27 , 65 (1923.) 


^ J. Phyfi. Chom. 27 , 65 (1923). 
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The rate of reduction (peptization) was followed by pipetting out a looc. 
sample at frequent intervals, diluting to loocc., and matching the color with 
that of a previously standardized blue glass of uniform thickness. A Kenni- 
cott-Campbell-Hurley colorimeter was used. 

Several runs were made with Ponsol Blue G at 25^0.^0.02'®, and in 
sodium hydroxide solution o.io N, 0.50 N, and i.oo N, respectively. In each 
case the amount of dye in ^‘solution’^ at the end of the run (i to 4 hours) was 
so small that the vat solution was almost colorless. At the end of the run 
the dye tablet was examined and found to be covered with a thin layer of 
the dark blue reduced dye. 

Another run was made similar to those above (0.20 N NaOH) but at 
4o®C.=fcc. 02®. The run was discontinued at the end of 5 hours. The vat 
solution was almost colorless but contained a flocculent, light blue precipitate. 

Since the rate of reduction and solution (peptization) of the dye in tablet 
form is so slow (even at 4o®C.) it was decided to use the original dye crystals. 
Preliminary tests having shown that peptization of the reduced dye is slow 
at 2T.5®C. (see Table I.).,the temperature was kept at 4o®C. In each run 
0.100 g. of Ponsol Blue G crystals was put in the reduction vessel and 500CC. 
of sodium hydroxide (of known strength) were added. After the temperature 
became constant, the Na2S204 was added. In one series of runs the concen- 
tration of the sodium hydroxide vras varied, the amount of Na2S204 being 
kept constant at 5 grams; in a second series the sodium hydroxide was kept 
constant at 0.25 N, and the amount of Na2S204 varied. 

The data are recorded in the following tables and represented graphically 
in Figs. I, 2 and 3. Curve II in Fig i was obtained by taking the average 
data of two runs with o.io N, NaOH (Table II). 

Table II 


Reduced Dye in Solution (mgs. per liter). 

Tem. = 4o®C.; Stirrer = 500 r.p.m.; 5 g. Na2S204. 


Cone. 

0.05 

0. 10 

0. 10 

0.25 

0.50 

1.00 

NaOH 

N 

N 

N 

N 

N 

N 

Time (min.). 

Concentration of Reduced Dye (mgs. per liter). 


5 

47 

156 

153 

229 

151 

91 

10 

76 

204 

1B5 

244 

197 

122 

IS 

97 

228 

206 

'248 

207 

132 

20 

no 

241 

220 

248 

206 

132 

2S 

120 

248 

228 


202 

132 

30 

”5 

248 

232 




35 


24S 

234 




40 


248 
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Table III 

Reduced Dye in Solution (mgs. per liter). 


Temp.*4o®C.; Stirrer = 

500 r.p.m. 

; 0.25 

N NaOH. 


Weight 

T 

5 

10 

20 

Na 2 S 204 

G. 

G. 

G. 

G. 

Time (min.). Concentration of Reduced Dye (mgs. 

per liter). 

S 

205 

229 

235 

240 

10 

205 

244 

248 

252 

15 

197 

248 

252 

255 

20 

^93 

248 

252 

256 

25 



252 

257 

30 



252 

258 


III. Discussion of the Data 

(a) General Nature of the Reaction Velocitj" Curves. 

The curves in Figures i and 3 show that the initial rate of reduction and 
solution is very rapid, most of the solution taking place within the first five 
minutes.^ The rate then slows up and becomes practically constant in 20 to 



3o^minutes or in some cases may even pass through a maximum due to a 
partical agglomeration of the reduced dye particles (see curve IV in Fig. i). 
The general shape of the curve is the same as that obtained with Ponaol 
Yellow G previously reported^ 

(b) Effect of Na2S204. 

Examination of the curves in Fig. 2 shows that the concentration of the 
NaaSjOi has very little effect upon the reduction and solution of the dye. 


^ Yoe and Edgar: J. Phys. Chem. 27 , 65 (1923)- 
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provided a suflScient amount is present. With 5, 10 and 20 grams of the 
hydrosulfite, the concentrations of reduced dye at the end of 10 minutes were 
244, 248, and 252 mgs. per liter, respectively. This result is in agreement 
with that obtained in the case of Ponsol Yellow G. previously reported. 

(c) Effect of Sodium Hydroxide. 
As seen in Fig. i, sodium hydroxide 
has a marked effect upon the reduc- 
tion and solution of Ponsol Blue G. 
The effect is seen to pass through a 
maximum at a hydroxide concentration 
of about 0.25 N. This is brought 
out more strikingly in Fig. 2 in which 
the concentration of reduced dye is 
plotted against the normality of sodium 
hydroxide at constant time intervals. 
Here again, the result is in agreement 
with that obtained with Ponsol Yellow 
G, i.e., for a given set of conditions, 
^ there is an optimum sodium hydroxide 

Effect of AlkaU Ion. Cone. Dye v8.Normalitv concentration. A quantitative com- 
of NaOH at Constant Time. parison with the results obtained with 

Ponsol Yellow Cb however, is not 
possible because in the latter experiments the temperature was 2 5®C. and 
the dye stuff in the form of a tablet. 

In addition to the experiments recorded in Table II, several runs were 
made in which the NaOII concentration was o.oi N and 3.00 N, respectively. 




In each case the amount of reduced dye (even after two hours run) was so 
small as to preclude measurement. The vat solution had a pale blue color. 
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The results given in Table II indicate that hydroxyl ion favors the rate 
of solution (peptization) while sodium ion retards it. A further indication 
of this was obtained by carrying out an experiment in a solution 0.25 normal 
in NaOH and 0,25 normal in NaCl. The rate of solution was much slower 
than when 0.25 N NaOH alone was used, a result in accord with that obtained 
with Ponsol Yellow G. 

(d) Indications of the Colloidal Condition of the Reduced Dyes. 

The above experiments indicate that the reduced dye is probably in col- 
loidal suspension instead of in true solution, and that we are accordingly 
dealing with a peptization phenomenon. Furtlier evidence of the colloidal 
nature of the Ponsol Blue G solutions and also solutions of Ponsol Blue R, 
Ponsol Dark Blue BR, and Ponsol Violet RR is obtained from the fact that 
upon filtering the alkaline reduced solutions through hardened filter paper, 
the filtrates are water-clear and colorless, while in each case a layer of reduced 
dye is found adhering to the filter paper. Moreover, solutions of all of the 
reduced dyes are readily coagulated by inorganic salts. 

IV. Summary 

1 . Measurements have been made of the rate of reduction of centain vat 
dyes by alkaline sodium hydrosulfite solutions. 

2. The effect of temperature, sodium hydroxide, sodium hydrosulfite, 
and electrolytes has been observed for a given set of conditions. 

3. The rate of reduction is very rapid but that of “solution” of the reduced 
product is much slower. 

4. It seems that the reduced product is in colloidal suspension and not 
in true solution. Hydroxyl ion seems to peptize the reduced dye but this 
action may be more than off-set by a high concentration of a metal ion. 

5. Inorganic salts cause agglomeration of the reduced dye. 

6. All results are in good agreement with those previously obtained in 
this laboratory with a similar dye. 

Cohh Chemical Laboratory 

University of Virpinia. 



THE ACTION OF CHLORINE ON MERCURY 

BY ALBERT I, O. GERMANN 


In an article on “Active Chlorine'\ by Y. Venkataramaiah/ published 
recently in this Journal, an apparatus is described for the measurement of the 
volume change occurring in a given mass of chlorine at constant temperature 
under the influence of the silent electric discharge. The volume change was 
observed on a mercury manometer, communicating with the main body of 
the apparatus through a capillary tube of one half millcmeter bore. It is not 
clear from the description whether chlorine actually came in contact with the 
mercury, or whether this portion of the apparatus contained air, but one is 
inclined to believe, from the context, that chlorine and mercury were left in 
contact for the duration of the experiment, ten hours. The author says: — 
“The manometer contained pure dry mercury. It was shown by Shen- 
stone that pure dry chlorine has no action on pure dry mercury. In the present 
arrangement there is little chance for the active gas to come in contact with 
the dry mercur}" through the capillary tube.^^ 

Mr. Venkataramaiah tacitly agrees with the statement credited to Shen- 
stone, and one would be justified in the conclusion that he found pure dry 
chlorine inert towards pure dry mercury. 

Without wishing to belittle the importance of the work on active chlorine, 
my impression is that this would be far overshadowed by the feat of producing 
inactive chlorine. But I am frankly skeptical, and lcx)k forward to a positive 
statement regarding the matter with much interest. 

As a matter of fact, Shenstone, after performing elaborate experiments on 
this subject^ came to the reluctant conclusion that “the action bt^tween mer- 
cury and chlorine, bromine, or iodine does not depend on the presence of 
water vapour.'^ That he had not revised this opinion at the time of his death, 
is attested by his friend. Sir W. A. Tiklen, whose assistant Shenstone was at 
Clifton College, and whose successor he b(^camc when Dr, Tilden was called to 
Mason College. In an obituary notice Dr. Tilden® said: — “The results of 
these experiments led him to the conclusion that chlorine, bromine and iodine 
when in the highest known condition of purity, dried by contact under special 
conditions with phosphoric oxide for six months or more, do at once combine 
with mercury when brought into contact with that metal similarly purified 
and dried. 

^ Y. Venkataramaiah: J, Phys, Chem., 27 , 79 (1923), 

* W. A. Shenstone: J. Chem. Soc., 71 , 479 (1897), 

* W. A. Tilden: J. Chem. Soc., 95 , 2206 (1909). 



ACTION OF CHLORINE ON MERCURY 


1219 


Similar evidence is given by Cowper,* who found that chlorine which was 
inactive towards sodium even when melted, readily attacked mercury, tin, 
antimony and arsenic. 

One is inclined to attribute the action of chlorine on arsenic, antimony and 
tin to the formation of liquid chlorides, and its action on mercury to the fact 
that mercury differs from other metals yielding solid chlorides in its liquid 
state, and the readiness with which a new surface is presented for reaction 
with the gas. But then melted sodium ought also to be attacked, and Cowper 
says that after some initial action, which he attributes to imperfect drying, 
melted sodium remains untarnished in an atmosphere of chlorine gas. A 
similar observation was made by Wankljm some years before.- 

While my own experiments on this subject are by no means as rigorous as 
those cited above, they still have some interest. I have had frequent occasion 
to prepare pure dry chlorine. On these occasions my secret conviction that 
really pure chlorine would not attack mercury always prompted me to use 
every precaution in the purification, and to try the experiment; but the 
results have been uniform — combination proceeds with undirninished vigor. 

It is known that phosgene does not attack metals, except at an elevated 
temperature, when it is probabl}^ (chlorine resulting from dissociation that is 
responsible for the action. Phosgene hydrolyzes in the presence of moisture, 
producing hydrogen chloride and carbon dioxide; while this reaction has not 
l)e.en shown to be n'versible, it is known that, concentrated hydrochloric acid 
retards the hydrol 3 'sis.'* Hence larger amounts of water are onl^' slowly 
destroyed by phosgen(\ But .small amounts of water should be rapidly de- 
composed b}^ phosgene, especially' at an elevated temperature. In an effort to 
dry my materials with phosgeiu', I partially' filled a tube with liquid phosgene 
and left it for some tim<j at room temperature. I then allowed the phosgene 
to boil away, and heated the tube with the free flame, evacuating the while; 
after several repetitions of this process, 1 distilled several grams of pure mer- 
cury into the tube from a side tube, which had also been subject to the phos- 
gene and heat treatment. Several days before I had prepared in another tube 
a solution of pure chlorine in liquid phosgene, and kept it at room temperature, 
in the hope that any’ traces of moisture might be destroy’ed. This solution was 
finally distilled in to the tute containing the mercury’, which immediately 
reacted completely’ with the chlorine. 

In this experiment it is of course? pos.sible that phosgene play^ed the usual 
role of water, and that the reaction was catalyzed by phosgene. But this is 
extremely improbable, as Klein has shown^ that in the reaction between hydro- 
gen sulfide and sulfur dioxide, which takes place in the presence of a trace of 
water, the reaction is also induced by fifteen substances, including alcohols, 
ketones, nitriles, esters, ether and carvone, but not by carbon disulfide, ethyl 

‘ Richard Cowper: J. Chem. 8oe.. 43 , 153 (1883). 

* J. A. Wanklyn: Chom. News, 20, 271 (1869). 

See Del4pine, Douria and Yille: Bull 27 , 286 (1920). 

^ David Klciir J. Phys. Chem., 15 . 1 (1911). 
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disulfide, benzol, amylene, chloroform, carbon tetrachloride, ethyl chloride, 
acetyl chloride, benzoyl chloride and nitrobenzene. Of the five halogen de- 
rivatives tested, not one was able to catalyze the reaction studied. Hus 
evidence is substantiated by the observation that chlorine dissolved in liquid 
phosgene does not attack magnesium. The fact that chlorine dissolved in 
phosgene attacks aluminium^ has no bearing on this point, because aluminium 
chloride is soluble in phosgene. In fact, it has been shown* that phosgene 
itself reacts with metals in the presence of aluminium chloride, with which the 
metallic chloride produced in the reaction forms soluble complexes. 

Condnsion. With the exception of the implied experience of Mr. Venka- 
taramai^, there seems to be no record of chlorine showing itself inert towards 
mercury. It would be very much worth while to have a detailed account of his 
research with particular reference to “inactive chlorine”. 

Addendum. The December number of this Journal ( 27 , 951 1913) has 
an imindexed note containing corrections to Venkataramaiah’s article, which 
the writer has since found. In this, besides numerical corrections which seem 
to diminish the certainty of some of the conclusions drawn by V., the state- 
ment is made that the manometer contained fused silver cMortde instead of 
mercury. The writer refrains from making any comment upon this correction, 
and trusts the reader to draw his own conclusions. 

A. F. 0 . G. 

Siardord University, 

Ccdifomia, 

^ A. F. 0 . Germann: Science, 58 , 309 (1923). 

* A. F, 0 . Germann and K. Gagos: Science, 58 , 309 (1923). 
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Clouds and Smokes. By William E. Gibhs with a foreword by Sir Oliver Lodge, 22 X 
16 cm; pp, Tiii + ^4^0. Philadelphia: P. Blakiston^s Son and Co., 1924. Price: $3.00. In 
the foreword Sir Oliver Lodge says: ^There is one part of the book in which I am sure to 
be specially interested, for I remember that it was in 1884 that I exhibited the effect of 
electrification in clearing a space of smoke, fume, or mist, a phenomenon which was after- 
wards found to have been casually observed and not developed by a Mr. Guitard so long 
ago as 1851, as recorded in the English Mechanic of that date. My sons, of the Lodge Fume 
Deposit Company, Great Charles Street, Birmingham, after long and continued trials, 
made the process really practicable, and have now combined with my friend Mr. F. G. Cot- 
trell, who so successfully established it on a large scale m America. It is amazing to me to 
see the Lodge-Cottrell process at work continuously, night and day throughout the year, 
with a potential of hundreds of thousands of volts, giving a continuous current of sparks — 
or what Crookes more properly called a nitrogen flame — and, by the aid of great electrified 
chambers, clearing immenscj quantities of blast furnace gas of dust at Skinningrove, in York- 
shire, and elsewhere, and also depositing sublimated and previously wasted metallic ore, as, 
for instance, at the tin-smelting furnaces of Messrs. Williams, Harvey and Co., at Bootle, 
near Liverpool. The step from a laboratory experiment to a really practical and commer- 
cially continuous process is undoubtedly a great one, and the credit for it belongs to others 
than myself. It is, however, delightful to see the electrical process of clearing air gradually 
come into operation at manufacturies all over the world, and I see that the author of this 
book has given an indication of the kind of arrangement employed. Short of inspection of 
the working operation, however, no adequate idea can be gained of the remarkable character 
of this engineering achievement.’^ 

The chapters are entitled: introductory; the formation of aerosols; the movements of 
the particles; general properties of aerosols; the stability of aerosols; the chemical and 
physical examination of an aerosol; the industrial treatment of fumes and dusty gases; dust 
explosions; meteorology; the industrial preparation and utilisation of substances in a finely 
divided condition; smoke in warfare. 

On p. 30 there is an account of the critical temperature of condensation of metallic 
vapors. *T>om a consideration of the Ixjhavior of various metal vapours Knudsen and Wood 
suggested that, when a metal molecule encounters a surface of the same metal, it always 
adheres to it, the intermolecular force of attraction being stronger than the force of rebound. 
When the metal molecule meets a surface of another material, however, it may adhere or 
rebound according to the temfierature — i.e., according to the velocity of rebound. For a 
given surface there will be a (jritical temperature of contact, aliove which the molecule will 
rebound, and below which it will adhere. For mercury molecules striking a glass wall the 
critical temperature is about ~ I3S'’G. For .silver molecuU^s striking a gla.ss wall it is about 
+575°C. 

“At temperatures above this critical point it is possible to obtain very high degrees of 
.supersaturation, since all the molecules are reflected. If, however, condensation be induced 
at any point of the surface — ^for example, by touching the wall of the containing vessel with 
a cotton plug dipped in liquid air — so that a metal surface is formed, then condensation 
continues upon this metal surface, even after it has warmed up again. Cadmium, magne- 
sium and zinc show this phenomenon readily in glass vessels. According to Knudsen, the 
critical temperature for these metals lies below' — 78°C. 

“Silver, gold, platinum, tungsten, molybdenum, nickel, iron, copper, do not behave in 
this way. When wires of these metals are heated electrically in vacuo, the metal molecules 
are sent out in straight lines and adhere to the glass wall of the containing vessel. Owing to 
the complete absence of reflection from the glass surface, any obstacle that is placed be- 
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tween the wire and the glass will cast a well-defined shadow within which no metal will 
reach the glass at all. Other metals, including cadmium, magnesium, ssinc, behave similarly 
below the critical temperature.” 

” According to Ehrenhaft, particles of various substances of the order of magnitude of 
and cm., suspended in a gas, are attracted or repelled by the intense light of an 
electric arc. Spherules of gold, silver and mercury, produced in pure nitrogen, and particles 
of the smokes of turpentine and camphor, are repelled. Sulphur and selenium particles 
distilled in argon, droplets of nitric acid and its decomposition products in air, water mist, 
cigar smoke and wood smoke, arc attracted. Fine droplets of water, suspended in oxygen 
or hydrogen, are not affected. The velocity of the displacement is increased by increasing 
the intensity of the light, or by diminishing the pressure of the gas. 

^The existence of positive and negative photophoresis can l)e attributed to the same 
cause as that to which the action of the Crookes radiometer is due. Whether a particle will 
be attracted or repelled will depend upon its capacity for absorbing or transmitting radiant 
energy. In the case of a strongly absorbing particle, the illuminated side will be heated 
more than the other side; thus the impact between the gas molecules and the heated sur- 
face will be more vigorous than on the other side of the particle, so that the partiele moves 
away from the source of light. WTeakly absorbing particles — for example, sulphur and 
selenium — will permit the light to pass freely through them, so that, the far side of t.ht' 
particle l:>ecomes warmed more than the illuminated side. Such particles, therefore, would 
move towards the source of light,” p. 63. 

On p. 65 we read that “Wood has shown that the cloud forme<l by the eondensation of 
iodine vapoiu* scatters deep red light, which is plane polarised in a plane parallel to the 
direction of the incident beam. The particles of this cloud were of an average diameter of 
0.003 ®.V transmitted light the cloud appeared colourless. This abnormal polarisation 

is attributed to tlie transpareiKjy of the particles. A part of the incident beam will Ik* re- 
flected from the siu*face of the particles, will l>c colourless, and will bo polarised quite norinalh' 
in a plane perpendicular to the direction of the incident ray. The other part of the incident 
beam will be refracted and reflected inside the particles. It. therefore undergoes alisorption, 
and emerges highly coloured and polarised in a plane parallel to the direction of the incideni 
ray. Similar behaviour was observed with a cloud of nitrosodimethylanilinc.” 

“For most substances the intensity of the reflected light is almost indei>endftnt of the 
wave-length. Some substances, however — ^for example, the metals and certain dyestuffs- - 
show markedly selective reflection. They reflect waves of length approximately equal to 
those which they absorb. Has selective reflection is attributed to the optical resonance of 
the particles at the surface of the substance. Optical resonance* is a special case of fluores- 
cence. If the resonating particles are separated by distanct*H much larger than their 
diameters, as, for example, the particles of a cloud, the light, may be ab8orbf*d and rtM»mitt(*(l 
on the further side from the source of light. Sodium vapour absorbs yellow light and trans- 
mits blue. Wood has shown, however, that the metallic fog produced by the (*ondensation of 
sodium vapour scatters violet light, and transmits yellow. This appears to b<* due to the 
optical resonance of the metal cloud particles,” p. 67. 

“When a metal vapour is condensed, it is found that the (‘oarsesl condensates arc formed 
in the entire absence of any indifferent gas. When such a gas is presen t-~c.flf., nitrogen, 
carbon dioxide, hydrogen, bromint* — then, according to the nature of the metal, finer con- 
densates are obtained. The degree of dispersion is higher the greater the density and 
pressure of the gas. Thu.s finer condensates are obtained in nitrogen than in hydrogen, and 
at 760 mm. pressure than at 30 mm. pressure. 

“In many — possibly in most — easels, the effeett of adsorption is further complicated by 
the presence of gaseous ions in the dispersion medium. These', will he adsorlxHl by the 
particles. They may be adsorbed indiscriminately, in which case they will impart charges 
of opposite sign to different, particles, and thus promote flocculation. On the other hand, 
the particles may adsi)rb ions of one sign only, and thus, becoming charged with the same 
sign, exhibit no tendency towards flocculation. 
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“In some caws, the particles, (*ither he(*auH(* of ion adsorption or he(;aust> of their in- 
trinsic stinicture and configuration, may Ik' electrically jiolariscd. Such particles will be- 
come attached to one another by their unlike p(»les, and thus tend to form peculiar thr€»ad- 
like aggregates. 

“Whytlaw-Clray found that the particles of (MO and ZnO smokes form flexible string- 
like aggi’egates. The tendency to form such string-lik(‘ (‘omplexes seems to be weakest with 
oxides of lead, manganese', copper, and chromium. It is slightly greater with iron, whilst 
inagneHiuin, aluminum, and anlimemy, resemble zinc and easily form loose*, flock-like* 
aggregates. 

“The particular structure e>f the aggregates that are fonned by the particles eif a given 
smoke appears to elepend upein the nature of the substance eif which the* individual particles 
are cornjiowd rath(*r than upein the influ(‘ne*e of electrical (‘barges on the* particles. In the* 
case of zinc oxide smokes, the formation e>f thn*ad-like coinjilexes, for instance, must b(‘ 
attributeel to the intrinsically polar character of the particles the'inselves, siner precisel> 
similar ceunplexe's are formeul in smoke that is formed by the d(‘composit ion of zinc ethyl 
in which very few (‘barged partie'les are produced,” p. 94. 

“If a smoke is subjected to a high tension discharge, so that the moli*cules of the dis- 
persion medium are charged, the particles of the disperse* phase will iK'come charged by ion 
adsorption. They will then be brought together by the force of the electric fi(*ld, to form 
thnaid-like aggregates along the line.s of force Thes(' aggr(*gates sjx*edily .sf*ttle to the flooi 
of the container. 

“The stability of a IVh or SOs .smoke, when bubbhxi through water, is partly to be 
attributed to the prehH*nc(* of a film of adsorbed gas (air) surrounding the particles Tht‘ 
stability of the blue ZnO smoke from a bra.ss foundry can be .similarly explained. When th(* 
ZnO IS colIeet(*d c.ff., with woollen filters -it is very light and mobile. It flows and surge's 
in a bottle like a licpiid, and has an apparent d<*nsity of 0.1, the normal density of ZnO 
iK'ing 5.78. Th(* ZnO smoke is rapidly flocculated by steam. Possibly the steam displaces 
adsorbed gas from the surface of the* particles,” p. 96. 

“Ignition t(*sts with an arc lamp, an oil lamp and a candle flaiiK*, carried out with various 
dusts, show a wide variation in the ea.st* of ignition and tin* violence* of the n'.sulting (*x- 
plosion. A sample of riee dust that is easily exploded by a eandU* flame (‘ould not lx* ignited 
by an electric an*. A (*oal dust that ignited weakly w’ith an arc expk)d(*d violently with a 
candle flame. Flour explodi'd readily witii (»aeh source of ignition. ( 'orn elevator dust that 
was not ignited by an are or candle* flame could burn round the* flame of the oil lamp, hut 
combustion was not projiagatcd. In the cla.'^sification on j). 166, the lowest te'inperature*s an* 
given at W'hieh various dust e‘louds will ignite when allow't*d to fall through a small jK>reeIam 
tube heated to a definite temperature, and eontainiiig a roll of eopix*r gauze. In this ease, 
firopagation is faeilitateul, since the w'hole of the cloud is hoate*d. Higher ignition tempera' 
tures wall be recpiired to ignite .such du.sts at a single point. 

“An explosion of a dust (*loiid can be restrainc'd, or entiivly pre*vent(*d, by ini.xmg watli it 
a suitable proportion of inert dust, such as shale or limestone. Starch dust, for example, 
is easily cxphxied by a candle flame or are, but a elusi mixture of 30 per cent, starch and 70 
|x*r cent, shale emnnot he ignited by either. Similarly, a mixture of 40 per ee*n(. flour and 6 » 
per cent, shale dust e^annot be exploded by an are. A dust cloud eon.sistmg of 40 per cent, 
sulphur and 60 per cent, shale can be (‘xpleMed easily by a candle flame, but 30 per cent, 
sulphur mixed with 70 per cent, shale dust cannot. .V mixture of 50 p(‘r cent, flour dust 
with 50 per cent, shale dust can be exploded by a candle* flame, but is not ignited by an arc. 

*Tine shale and limestone dust are used in coal mines to ch(*e‘k the propagation of a 
coal dust explosion. The dust is contained on shelves or in boxes that tire suspended from 
the roof of the mine galleries at various points, liigh enough to lx* clear of traffic. They are 
tripped by the advancing explosion wave, and discharge the dust into the air beneath, thus 
diluting the coal dust that is present in the air, and effe<*tiv(*ly cheeking further i>ropaga- 
tion of the explosion. 
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‘The maximum velocity of flame propagation that has been observed during experi- 
ments with gas mixtures ranges from 5,000 feet per second for a mixture of carbon monoxide 
and oxygen to 9,000 feet per second for a mixture of hydrogen and oxygen. During experi- 
ments with coal dusts at different times, flame velocities of over 3,000 feet per second have 
been observed, while in certain tests there were indications that the velocity exceeded 6,o0o 
feet per second. The flame velocity is increased by increasing the fineness of the dust, or 
by mixing a small amount of inflammable gas with the dust, and is higher and more dry 
the more free the dust is from ash and moisture,” p. 174. 

On p. 63 the author discusses the thermal precipitation of dust and on p. 202 he says: 
“Recently attempts have been made in America to dissipate clouds and fogs by sprinkling 
an electrically-charged dielectric — ^for example, sand — over the surface of the cloud from an 
aeroplane. In these experiments, a single aeroplane succeeded in dissipating a cloud a mile 
or two long and over one thousand feet deep, in a few minutes by using 100 lbs. of sand 
(150-mesh) charged to 14000 volts. It is possible that this method may be applied to the 
dissipation of the smoke fogs of the industrial areas.” 

Wilder D. Bancroft 


Atomic Structure and Spectral Lines. By Arnold Sommerfdd. Tramlaled by Henry L, 
Brose from third German edition. SS + 16 cm; pp. xiii + 61^6. New York: E. P. Dutton 
and Company, 19S3. Price: $13.00. In the preface the translator says that “since the ap- 
pearance of the last German edition — on which this translation is modelled — new important 
facts have been discovered, tending to confirm ideas put forward here. Chief among these 
is the confirmation of the magnetic moment of the silver atom by Gerlach and Stern. It is 
strong evidence in favor of the theory concerning directional quantizing in the magnetic 
field, and opens up new regions of research which may lead to undreamed-of consequences. 
From their measurements Gerlach and Stern have deduced that, within the limits of error 
of their experiments, the magnetic moment of the normal silver atom in the gaseous state 
is one Bohr magneton. In a recent issue of the Zeitachrift fUr Physik, Einstein and Ehren- 
fest have discussed the important question as to how the magnetic atoms of silver can alter 
their directions at all under the influence of a magnetic field. Difficulties appear to arise 
akin to that of the 'time of accumulation’ of energy quanta for Rontgen rays.” 

The subject is presented under the headings: introductory facts; the natural system of ele- 
ments; Rontgen on X-ray spectra; hydrogen spectrum; wave theory and quantum theory; 
series spectra in general; band spectra; theory of the fine-structure; mathematical notes and 
addenda. 

On p. 6 the author says: “The electron is a universal element of stmeture of all matter. 
Whether it is flowing along slowly in an electric current, or hastening through space at an 
extremely high rate as a cathode ray, whether it is emitted in radioactive disruption or in a 
photo-electric process, whether it is vibrating in our lamps (or, as we should now prefer to 
express it, 'jumping’ in our lamps), whether it effects the course of light in telescopes, it is 
always the same physical unit, proving its identity by exhibiting the same charge and the 
same mass, in particular by keeping the ratio of charge to mass constant.” 

“The hardness of Rontgen light represents what we usually call colour in the case of 
ordinary light. Great hardness denotes great frequency of vibration or small wave-length. 
Moderate hardness or greater 'softness* denotes smaller frequency and greater wave-length. 
This terminology introduces no difficulty in the case of characteristic radiation. We called 
this free vibration and are tempted to ascribe to it a period (or a series of periods) of vibra- 
tion characteristic of the material of the anti-cathode. This we may actually do, for ex- 
perimental researches have fully confirmed this conclusion. The characteristic radiation is 
not only 'characteristic* but also 'homogeneous*. It consists of a few sharply defined kinds 
of vibration, each of which corresponds to a homogeneous monochromatic type of light. 
When we have become acquainted with the spectral resolution of X-rays, we shall see that 
the characteristic radiation assumes the form of a line spectrum,** p. 28. 
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'‘As we saw, the hardness of the characteristic radiation depends on the atomic weight 
of the emissive material of the anti-cathode. On the other hand, the hardness of impulse 
raduUion depends essentially on the voltage of the X-ray hulh^ or on what is the same, the 
velocity of the impinging cathode rays; as is well known, the hardness increases with the 
voltage of the bulb. In the language of spectra this means that the region of wave-lengths of 
greatest intensity in the continuous spectrum, shifts towards the smaller wave-lengths as the 
voltage increases,** p. 30, 

“In the case of the photo-electric effect, too, we arc dealing with the production of kinetic 
energy which is drawn from the energy supply of the incident radiation (the fraction that is 
absorbed). We should expect more intense light to produce a greater plioto-electric effect, 
than less intense light. But this, as we saw, is not true. The power of the light is not 
determined by its intensity but by its frequency. Blue light has great power, red light but 
little. The intensity determines only the quantity but not the quality of the photo-electric 
action. These facta are very strange and depart greatly from the usual theoretical concep- 
tions: they could not be explained on the basis of classical mechanics and optics. The key 
to them was furnished by the modern theory of quanta,** p. 36. 

“There has been no dearth of attempts to reduce the contradiction between the “quan- 
tum” and the “classical” view of energy transference. In conjunction with Debye the 
author has put forward a view of photo-electric phenomena and a method of deriving 
Einstein’s law, wliich does not deprive radiation of the character demanded of it by the wave 
theory, that is, wdiich docs not require the ust‘ of compact elements of energy of amount 
hv and which, instead, ascribes to the atom the propcTty of being able to pile up energy of 
radiation to a limiting amount determined by the (‘onstant h. As soon as this limit is 
reached the electron is supposed to be relea.s(*d from the atom and to escape with the energy 
which it has collected. Ifnder certain conditions (chosen in rather an artificial manner) 
Einstein’s law for the energy of the escaping electrons may be deduced. At the same time 
the ‘time of accumulation’ that is necessary for the heaping-up of the energy /ivmay be 
calculated. If a powerful source of light is assumed, then this time in the case of the photo- 
electric effect comes out fairly small (fraction of a second), but wdien the calculation is 
made for the conditions of the X-ray photo-electric effect, for which the energy-element 
hp is much greater and the intensity of radiation is, in general, much smaller, impossible 
'accumulation tim(»s’ come out, times of the order of magnitude of years! Yet experiment 
shows that, in the case of X-rays as well as in that of ordiimrj^ light , the emission of electrons 
commences immediately, as soon as the exposure to the incident light begins, and ceases 
the moment the exposure is stopped. From the point of view of the wave theory the source 
of the great energy of emission remains incomprehensible. The phenomena actually occurs 
as if in light of frequency v there are v energy-elements of the magnitude hv, which are ready 
at any moment to become transformed, according to Einstein’s law (in atoms that are 
appropriate), into kinetic energy of electrons. Later, when we come to speak of the absorp- 
tion and excitation of spectral lines, wt shall find ourselves compelled to adopt this stand- 
point of light-quanta,” p. 44. 

“Both points of view, the classical continuous w^ave theory and the discontinuous- 
statistical theory of light-quanta, each offer at present, only one-half the truth. How the 
dilemma will be overcome finally, cannot yet be gauged. At ail events the classical wrave 
theory in its application to the phenomena of light propagation has not yet been supplanted 
by something better. li is, indeed, astonishing how much of the wave theory still remains 
even in spectroscopic processes of a decidedly quantum character,” p. 254, 

“In conclusion we shall point out those features in which our treatment and the classical 
wave theory agree and those in which they differ. 

*^Tkey agree in their views of the phenomena that occur in the ether. According to the 
wave theory, as well as ours, the ether vibrates, that is, it propagates alternating electro- 
magnetic fields. We take over Maxwell’s equations, which define the ether and regulate its 
vibrations, directly from the wave theory. 



1226 


NEW BOOKS 


“ 77 w?^ differ in their views of the excitation of the states of vibration. According to the 
wave theory, the electron that excites the ether also vibrates. It is forcibly coupled with 
the other and impresses its time of vibration on the latter, which, according to the wave 
theory is prescribed by the nature of the bond between the electron and the atom. Accord- 
ing to the view of the quantum theory, however, the coupling between the ether and the 
electron is less strong or more supcjrficial. In its stationary orbits, the eletjfron does not 
excite the ether at all, but is coupled to it only during the transition from one stationary 
orbit to another. The duration of vibration of the radiation has nothing to do with th(' 
revolution of the electron in its stationary paths. Even during the transition there is 
nothing in the atom that occmrs in rhythm with the vibration numlier v. The ether de- 
mands its kVf the atom furnishes it by giving up an amount of energy Wa— We< The dura- 
tion of vibration follows if these two quantities are equated; at the same time, the polarisa- 
tion follows if we equate the two corresponding moments of momentum. It has, indeed, 
been suggested that the transition from the stationary' initial orbit to the stationary final 
orbit takes place along a spiral, which is traversc*d with the frequency v. This too specialised 
picture seems to us unfruitful. It in not the atom that nbraten^ hut the ether. The coupling 
between the atom and the ether is, as we said, more provisional in the quantum theory than 
in the wave theory. The atom gives the ether a certain amount of enei-gy and moment of 
momentiun. The ether does with this, what its natiu’c conq>els it to do, namely, it trans- 
forms these amounts into vibrations of a definite state of polarisation. The coupling is of 
an integral kind, not of a diflferential kind that determines the infinitesimal elements of the 
process of vibration. 

“Is this state of the theory only transitory, or doc^s it denote an actual advantage of the 
quantum theory? A theory' should, indeed, determine the observable phenomena, but must 
not over-det ermine them. There are in the spherical wave, tin w(» stiw, only* a definite num- 
ber of determining elements or factors. Consequently a definite niiinlH*r of determining 
equations also suflfices. Our integral equations of coupling for the <‘nergy and the moment 
of momentum do not, indeed, furnish a sufficient number of such equations. But they 
determine several essential factors of the ether vibration and allow the atom on the on<* 
side, and the eth(*r on the otluT, the necessar.v freedom to behave in their appropriate 
manners, respectively, that is m that the atom suffers changes in stationary electronic or- 
bits, and the ether undergoes vibrations. Of course, from the moment new empirical factors 
occur which do not fit into the scheme of the spherical wave with its finite numl)er of para- 
meters, effects such as onesided omission or similar phenomena, th<‘ theory must at once* 
give up its general standpoint and must adopt new and cautious hypotheses, also, for 
example, about the nature of the transition from the initial to the final orbit,” p. 263. 

On p. 68 the author says that “it is impossible to pictui*e as a physical rmlity a hydrogen 
ion carrying two positive charges. If a chemist should ever succeed in producing such a one, 
we should be compelled to declare all that follows in this l>ook to be falst*.” 

The following paasage, p. 20 r, is undoubtedly clear to the author; but it is likely to 
bother the chemist considerably. “If we recapitulate what we, arguing from the sharpness 
of spectral lines, have learned about the quantum treatment of the oscillator and the rotator 
and about the application of quantum methods to general systems, we get an entirely new 
type of natural phenomena, ^\'e therefore adopt the extreme view* of th<» original Planck 
theory, according to which the quantum-favoured states lie solely at the limits of th<* 
elementary regions, whereas the interior of these regions remains quite free of pha 8 e-|x>ints. 
These quantised states are distinguished from all othc*r i)088ibilities ns stationary states of 
the system by characteristic whole numlaws; they do not succeed each other continuously 
but form a network. In the quant urn orbits an electron moves, if undisturlx^d, permanently 
and without resistance, that is, without emitting radiation; the electron is thus, so to speak 
rendered immune by the quantum condition as regards the enAiasion of radiation. The 
phme-spacef being the manifold of all concewable ntaten, including non^ntutionary states^ in 
crossed meshdike by the graph^urves of the stationary orhts. The size of the meshes is deter^ 
mined by Phnek^H constant /^” 
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The next para#graph but one, p. 202, is more intelligible to the chemist. “Whereas solid 
bodies emit a continuous spectrum when they glow, we observe in the case of gases and 
vapours (except for isolated regions of continuous emission) line^-speetra and band-spectra. 
The former belong to the atom, the latter to the molecule. Hence in a Geissler tube the 
hydrogen must first dissc^ciate into atoms l>efore its linosiiectrum can appear. In the cas(* 
of iodine vapour, on the other hand, the band-spetdra disappear in proportion as the disso<ua- 
tion of I* into I progres8<»s. The line-spectra consist of individual well-defined lines or com- 
plexes of lines; the band-spectra appear, if the dispersion is small, as toned bands (often 
accompanied by ‘fiutings’) but they resolve under higher dispersion into a gre'at number of 
neighbouring lines.” 

**The most direct test of Hohr’s ideas, the one that is most free* of theoretical elements, 
is the method of electronic impact. It was initiated by Kranck and Hertz m 1913 and 
during the war it. was develoi>ed in the United States particularly. At present it is being 
brought to a greater and greater pitch of iH'rfection by Fran(‘k and his followers and is 
l)eing applied to finer and finer problems,” p. 337. 

“From the jmiiit of view of theory, wc* must difTerent lat e by a simplf‘ and unambiguous 
definition between arc and spark spectra. In our treatment of the scries scheme we assumed 
that the atom undt*T consiileration was, as a whole, neutral; the jum})ing electron is then 
confronted by an atomic trunk of which the etTc‘ctive charge is + r. P'ollowing Bohr, we 
associate this case with tho flame and arc spertrunnt. On the other hand, according to Bohr, 
to produce a spark spi*ctrinn we must have an ionised atom and (in the case of simple 
ionisation) an atomic? trunk with an effect ivc charge + 2c. We shall here always take spark 
spectrum as the system of emission of the ionised atom in the sense denoted by this theoretical 
distinction. For the jirestmt, only cases of simple ionisation come into question, since only 
such have been ob.served“~in general we shall hold in res(»rve for the system of the simply 
ionized atom the name Tirst sjiark sfiectrum’, for that of the doubly ionisi'd atom the name 
‘second sfiark sp(*ctrum,’ and so forth - in ca.se thes(‘ terms should prove' necessary later,” 
l>. 372. 

“W. Ijenz has recognized a brilliant confirmation of the theory of bands in photographs 
of the fluoresc‘ence of iodine taken by K. W. WcmkI. Wood illuminates iodine vapour at a 
low pressure by means of the Hg-line 5461 tground-memlxu* of the sharp subsidiary sf;ries). 
The iodine molecule, in absfirbing the corresponding luiergy quantum /u', is brought into 
an excited (‘‘angercyC') state. This state is aswiciated with a perfi'ctly definite value of the 
rotation quantum m. The iodine molecult* r(*-emits the energy that is taken up, passing 
from the excited state to one of le.ss energy. But the principlt* of selection allows only the 
transitions m — >m-~i and m — > m -f* i (.when the' o.scillation quantum and the electronic (ton- 
figuration change simultaneously). Hence the r(‘-(*mission oceans as a doublet or, with due* 
(‘onsideration to the circumstance that in th<* case of the non-harmonic oscillator, the oscil- 
lation quantum is rtapable of arbitrary jumps, it occurs, in a system of doublets scattered 
over the spectrum. Wood has observed about twenty such doublets. Each of them pro- 
(tlaims, as Lenz points out, in a very attractive way the sovereignty of the principle of 
selection over the rotation quantum; each shows us the procetss of birth of a partial band 
by two of its membcirs. If, however, during the moment of ab.sort)tion and that of re- 
emission wc make the iodine molecules collide more frequently with each other (at higher 
pressure) or with foreign atoms (by adding inert gas('s), then other values of the rotation 
quantum are thereby produced. Each doublet then becomes multiplied to form a complete 
partial band: under these circumstance's WcwkI’s fluores(*ence photographs approach the 
ordinar>’ band tyjM',” p. 430. 

Wilder I). Bancroft 

The New Theories of Matter and the Atom. By Alfred Berthoud. TranslaUd from the 
French by Eden and Cedar Paul. 23 X 13 cm, pp. 259. New York: The Macmillan Com- 
pany t 1924> Price: 93.50. The subject is presented under the following headings: intro- 
ductory; the electromagnetic and electronic theory; the theor>^ of relativity and mass; X- 
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rays and atomic number; radioactivity and isotopism; Rutherford’s atom and the transmuta* 
tion of the elements; Bohr's atom and the theory of quanta; the constitution of complex 
atoms in relation to the emission of X-rays; atomic structure and chemical affinity. 

Chemists will be interested in the paragraphs on high-frequency spectra, p. 117, ‘'At 
the present time, all the elements which follow sodiiun in the periodic table have been 
carefully studied — excepting only gases of the helium group. A few years have thus sufficed 
to make us almost as fully acquainte<l with high-frequency spectra, as we are with far more 
complex hght-spectra to which the attention of physicists has been devoted for a century . 

“One of the first facts brought to light in these investigations is that an element's high- 
frequency spectrum is one of its characteristic properties — a property independent of its 
state of combination. The spectrum of brass consists of an exact superposition of the spec- 
tra of zinc and copper; that of potassium chloride is merely an aggregation of the spectra of 
potassium and chlorine. Hence it is possible to study such elements as chlorine and bromine , 
which cannot, in the free state, make up an anticathode. The gases of the helium group, 
which do not form any compounds, cannot be dealt with by this method. 

“High-frequency spectra thus enable us to trace the elements through all their com- 
pounds, and give us direct proof that the individuality of the elements persists in all states 
of chemical combination. The high-frequency spectrum is a characteristic property of the 
atom, and differs from most of the other properties of that structure i)reci8ely in this per- 
sistence when the atom enters into combination. Although the changes (often extensive) 
which the elements undergo in chemical reactions show that the atoms are complex systems 
whose structure is subject to certain modiheations, nevertheless the constancy of high- 
frequency spectra is a proof that these modifications do not destroy the individuality of the 
elements. They affect only certain regions of the atom, the peripheral regions obviotisly; 
and they leave unaffected the deeper parts of atomic structure, those in which the X-rays 
originate." 

The author admits the |)ossibility of all the elements being radioactive, p. 144. “If 
ordinary matter is in truth radioactive, and if it does give off rays analogous to those emitted 
by radium they can only have eluded observation through the speed of these radioactive 
transformations being a million times slower than that of uranium. In other words, the 
radioactivity of ordinary elements is as feeble when compared with that of uraniiun, as the 
radioactivity of uranium itself is when compared with that of radium. 

“But we must not forget that it is only thanks to their high velocity that the a-rays 
and / 3 -ray 8 can Imj detected by a photographic plate, or by their ionising effects, or by 
scintillations. If they had a much lower velocity, w^e should doubtless still be unaware of 
radioactive transformations. An a-particle ceases to act in these ways when its velocity is 
still several thousand kilometres per second; and we have already learned that the jS-rays 
of actinium and of mesothorium I elude observation l>ecau8e their velocity is too low. 
There is nothing against the supposition that ordinary matter may emit rays too soft to 
manifest their existence. This hypothesis can only be based on analogies, l)ut it must 
not be forgotten that our methods of research are still imperfect, and that a slow disag- 
gregation of the ordinary elements (a disaggregation analogous to that which occius in 
radioactive substances) may he going on although the results elude our present powers of 
observation." 

If we adopt Paneth’s views tliat isotopes must be regarded as varieties of a single cle- 
ment and not as distinct elements, we may define an element, p. 163, as a substance charac- 
terized by a simple high-frequency spectrum or as a substance all of whose atoms have the 
same nuclear charge. 

In the chapter on Bohr’s Atom and the Theory of Quanta, the author says, p. 205: 
“Light, therefore, only acts on electrons by integral quanta. If the quanta are less than 
hvof they have no effect: if they are greater than this, the part of their energy which cor- 
responds to the term hVo is expanded in detaching the electron from matter; and the rest 
of their energy endo\vs the detached electron with its velocity, and represents its kinetic 
energy. 
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‘‘These phenomena are only conceivable on the supposition that the quantum of 
energy has extremely minute dimensions. Were it a considerable magnitude, we could not 
understand how an electron could monopolise its effects. 

“Nevertheless, we must not blink the fact that Einstein’s hypothesis is difficult to 
harmonise with the classical undulatory theory; that its acceptance would necessitate re- 
opening the whole problem of luminous phenomena, and would, in especial, invalidate the 
accepted explanation of interference. Naturally, therefore, most physicists regard it with 
considerable reserve, and arc for the most part inclined to adopt a less radical solution. 
Besides, although Einstein’s conception enables us to interpret, some of the phenomena, it 
appears to conflict with others. The experiments of Lummer and Gchrcke have shown 
that the rays emanating from a source of light still interfere with one another when one 
set of waves lags behind another by several million wave-lengths — by niore than a metre. 
Now we know that interference is only possible V)etwcen coherent rays simultaneously 
emitted by the same radiator, but rays, one set of which has been artificially retarded as 
compared with another. Interference between distinct quanta successively emitted is 
extremely improbable. We shall have, therefore, to admit that the length of the train of 
waves representing a single quantum may exceed one metre. The train must also have a 
considerable width. Certain observations enable us to aflfirm that the light-rays emanating 
from a star and passing through one of the halves of the objective of an astronomi<ial tele- 
scope interfere with those which pass through the other half. AU these rays must, therefore, 
be coherent, and must belong to the same quanta. But if the quanta have such dimensions, 
they cannot pass through the pupil of the eye integrally. We should have to suppose that 
they divide on entering the eye, and that their fractions reunite in order to affect the retina. 
But in that case they are not indivisible I Finally, it is inconceivable that one electron can 
absorb an integral quantum having such vast dimensions. 

“In view of these contradictions, Planck asked himself whether it might not be possible 
to free his theorj' of the supposition that absorption is discontinuous as well as emission, 
for discontinuou.s absorption is >vhat gives ri.se to the chief difficulties. He has, in fact, been 
able to show^ that, as far as the law\s of black radiation are concerned, whilst to account for 
them we must suppose that the emission of radiant energy takes place by quanta only, it 
is not necessary to assume that absorption is likewise discontinuous. In this rcvi.sed form, 
the theory diverges less from received notions, and becomes more readily acceptable. We 
need no longer imagine the quanta to l)e strictly bounded in .space and to be launched 
irregularly in all directions. We may assign to them whatever dimensions w'e please. It 
thus l)ecomes possible to envisage each of them as a train of concentric waves, and this 
brings us very near to Maxw^ell’s electromagnetic theory.” 

“Bohr’s theory has thus endured the experimental test wnth remarkable vsuccess. 
Nevertheless, although this striking success must convince us that the theory is really ac- 
cordant with the facts, we have to admit that it does not fully satisfy our minds. The 
difficulties already indicated as regards the quanta of energy, recur here in an aggravated 
form. In the case of an electron animated wdth an oscillating movement, the frequency of 
the w-aves emitted remains, just as on Maxwell’s theory, equal to that of the oscillator, so 
that the absorption of radiant energy still exhibits itself as a phenomenon of resonance. 
But on Bohr’s theory this is no longer what occurs. The leap of the electron, upon which 
the emission of electromagnetic waves depends, has no periodic character, and the frequency 
of the rays emitted has nothing in common with the frequency of the orbital movement 
of the electron. The frequency depends solely upon the quantity of energy given up — the 
reason being obscure. The absorption of light, which makes the electron pass from a 
narrower to a wider orbit, can no longer be assimilated to a resonance, and becomes incom- 
prehensible. Finally, the movement of an electron free from radiation upon orbits having 
a definite dynamic equilibrium implies a most extraordinary structure for the electromag- 
netic field. 

‘^Despite these grave difficulties, Bohr’s theory represents a definite advance in our 
knowledge of atomic structure. The difficulties are inherent in the problem, for it is in- 
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dubi table that classical clectrod3mamics are no longer valid in the interior of the atom. The 
physical significance of Bohr’s postulates is stiU obscure, but the precision with which 
optical phenomena can be deduced from it shows that these postulates are a true 4^rcasion 
of the mechanical laws of intraatomic movements/’ p. 216. 

The author seems to have slipped up badly on p. 243. ' ‘Arrhenius’ hypothesis was 
formerly criticised on the ground that it is difficult to see how simple solution in water can 
lead to the dissociation of a salt like sodium chloride, inasmuch as the formation of this 
salt is attended by the disengagement of a great deal of heat, which indicates that the 
components have a marked mutual affinity. This objection is still voiced from time to 
time, but it betrays a complete misunderstanding of the phenomenon. The objection was, 
indeed, refuted long ago, but the fallacy underlying it is now more plainly manifest than 
ever. In the formation of sodium chloride, the essential phenomenon, the one which is 
almost entirely responsible for the disengagement of heat, is the ionisation of the compo- 
nents, that is to say, the passage of one of the electrons of the sodium atom to the chlorine 
atom. The union of the ions thus formtjd so as to compose isolated molecules or a crystalline 
composite is no more than a secondary effect with but a very slight tendency to the pro- 
duction of heat.” The difficulty with this otherwise convincing explanation is that most 
salts dissolve with absorption of heat and that the ionization of water is accompanied by 
an absorption of about 13700 cals per mol. 

The author is quite ready to admit, p. 250, the present inadequacy of Bohr’s model of 
the hydrogen molecule. “The researches undertaken in order to ascertain how far this 
model harmonises with the properties of hydrogen, have not afforded the expected con- 
firmation. Debye has shown that it accounts satisfactorily for the disiiersion of light in 
this gas. But that is the only favourable result which has been recorded. A study of the 
other properties of hydrogen disclose.^ a complete divergences between theoretical forecasts 
and observed facts. 

“it is not difficult to calculate the energy which would be required to distintegratc' 
Bohr’s molecule. Applied to the molecule-gramrne of hydrogen, it amounts to sixty thou- 
sand calories, whereas the experuriental measurements of Langmuir, Isnardi, Franck, and 
others, have given eighty thousand t-o ninety-five thousand calories. Thus the discrepancy, 
amounts to at least 25 per cent. Moreover, Bohr’s molecule, thanks to the circular move- 
ment of the t wo electrons, must possess a magnetic moment parallel to the axis. Each 
molecule represents tan elementary magnet which, in a magnetic field, has to place itself 
in a direction running along the lines of force. Hydrogen, t herefore, ought to be paramagne- 
tic, whereas in actual fact it is diamagnetic. Finally, Lenz has shown that the Zeeman 
effect in hydrogen is irreconcilable with the hypothesis that the two electrons revolve in 
1 he same direction. 

“All these facts point to the conclusion that Bohr’s molecule is not a true picture of 
reality. Other solutions have been proposed, but they remain extremely hypothethtal. Th<‘ 
models of the molecule of oxygen and nitrogen which Sommerfeld has constrinded under 
the inspiration of Bohr's conception, have m like manner been found wanting when sub- 
ie(‘ted to experimental control. 

“I'liese failures give a clear indication of the inadequacy of our knowledge concerning 
the nu'chanics of the electron. We cannot hope for an accurate solution of the problem of 
the structure of atoms and inoleclues until we are better informed as to the laws which 
regulate the eiiuilibrium of their constituent particles. But this does not signify tlmt we 
can afford to ignore the problem during the continuan(!C of the present gaps in our knowl- 
edge. The laws will not disidose themselves spontaneously. The only way of discovering 
them is to go on elaborating hypotheses which can continually b(‘ checked by experimental 
fact, until at length the light comes.’’ Wilder D. Bancroft 

Fats: Natural and Synthetic. By W. Myddletou and T. H. Barry, 26 X 20 cm; 
pp. xi -j- 1S2. London: Ernest Benn Limiiedj 1924- Price: S4-00. The chapters are en- 
titled: the nature of the oils, fats, and waxes; examination of the fatty acids derived from 
the oils, fats, and waxs; oil extraction and purification; the fatty acid industry; catalytic 
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hydrogenation; physical examination of the synthetic fats; chemical examination of raw 
material and hydrogenated product; soap manufacture; candle manufacture; margarine 
manifacture, chocolate fats, shortening fats; control of the formation of the “new acids of 
hydrogenation”; complete synthesis of fats. 

In the preface the authors say: 

**The synthetic processes dealt with are for the most part eoiujerned with the con> 
version of the liquid oils into solid fats by catalytic hydrogenation. The more complete 
syntheses from glycerine and fatty acids which have been in tuin built up from other 
material have l)een examined briefly, but their interestf roro the commercial point of view 
is at the present time problematical. The hydrocarlwns of petroleum oils have suggested 
themselves as a suitable starting-i>oint in the synthesis of fatty acids, but the chemical 
treatment required is costly and the yields are |)oor. It is doubtful whether the supply of 
petroleum hydrocarbons is sufficiently groat to justify us in counting on them as a source 
of more than temporary importance. 

“The hydrogemation process allows of the conversion of vegetable oils, the stock of 
which is annually renewable, and the fish oils, of which there is a continuous supply, into 
solid white fats of any desired (consistency, fre«‘ from the highly saturated compounds which 
give rise to the characteristic and oftentimes objectionable odour and taste of the original oil. 
The products are much more stable than the raw material, and do not undergo appreciable 
deterioration during storage and use. Many industries find the fats of greater value than 
the liquid oils, but the utilisation of the synthetic product is by no means a simpler matter 
It is no exaggeration to say that considerable difficulty has arisen in every industry in which 
the hydrogenated oils have been called into use. 

“The authors have ajiproached tla^se difficultit*s through a study of chemical com- 
[Kisitioii. The diffenmee in chemical composition between the natural and the synthetic 
fats has been demonstrated liy tables of analyses, and the changes taking place in the oil 
during the progress of hydrogenation have been illustrated diagrammatically." 

“A fat is merely an oil of sueli high melting-point that it is solid at ordinary tempera- 
tures: in some eases — as for example, palm oil — the melting-point is below the usual tempera- 
ture of the tropical countries where it is produced but above that of temperate countries 
such as Britain, where it is largely used. The term oil is, however, still applu'd to it, though 
it is to all intents and purposes a fat in this country,” p, i. The waxes of vegetable and 
animal origin may be considered as “closely relatenl to the fats in thal they are compounds 
of similar organic a<‘ids with an alcohol of higher molecular weight, however, than glycerine. 
Whilst the oils and fats are found within the cells of plant and animal tissues, and their 
extraction involves the preliminary breaking down of the cell walls, the waxes are charac- 
terically exudation products or excretions of c^ls, those of animal origin being exuded into 
the body cavities. Mineral waxes are related to the mineral oils, in the same way as the 
vegetable fat is related to the V(^getable oil,” p. 2. 

“As already mentioned, the oil cake is an important by-j:>roduct of the oil industry. 
The cakes from differeut seeds naturally have somewhat different nutritive properties. 
I..inseed oilcake is the most popular in Pmgland, being a good all-round cake either for 
fattening or milk-producing. The araehis and coco-nut (takes are especially valued for their 
milk-producing qualities. The cake from palm kernel is not tmjoyed by cattle on account 
of it« woody and unpalatable taste, but it was used in enormous quantities in pre-war Ger- 
many as a pig food. The use of cot, ton seed has been the subject of much controversy. The 
American decorticated cake is a very highly eon(‘entrated food and rich in abluminoids, 
whereas the English cake is largely produced from undecorticated seed, and is therefore a 
more bulky food and not so rich in albuminoids. It possesses, however, certain astringent 
properties which are valuable in view of the soft lush grass on which the English cattle 
invariably feed,” p. 25. 

As in the case of the animal oils, the climate has an influence upon the composition 
of menhaden oil. ^‘The oil from fish caught in the cold Northern waters contain a lower 
proportion of unsaturated glycerides than that from fish caught in the warm waters off the 
Florida coast,” p. 40. Menhaden oil, “when exposed to air in a thin layer, dries in a manner 
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similar to linseed oil, but not to so hard a film. It is» therefore, specially valuable when used 
in conjunction with linseed oil for paints which are subjected to wide temperature variations. 
It is also stated that paints containing; it are less liable to blister/’ p. 40. 

On p. 50 it is stated that *^by using calcium oxide it is possible to effect complete 
saponification; but a large excess of the calcium oxide must be present and the time taken 
is considerable. The calcium soaps are insoluble in water and have no extensive ap|dica- 
tion, so that a large amount of a mineral acid must be used to recover the fatty acids from 
the insoluble calcium soaps.” We are usually told that lime works more rapidly than soda 
and that less is required. There is something wrong here. 

^^We have termed the mixture of solid unsaturated acids formed during hydrogenation 
the ^new acids of hydrogenation/ because it does not appear advisable to us to apply the 
name Hso-acids’ to a mixture of substances the exact nature of which has not been shown 
conclusively/’ p. 20. ^^On comparing the natural tallows with the synthetic products of 
hydrogenation we find that the presence of the new acids of hydrogenation coincides with 
a marked decrease in lathering power. In whale and the fish oils, in which there occur 
unsaturated acids containing large numbers of carbon atoms, there will appear amongst 
the products of hydrogenation corresponding amounts of imsaturated acids of very high 
molecular weight. Soaps formed from such acids are very slightly soluble even in hot water , 
and the surface-tension effect of the dissolved portion is very poor indeed. Hardened 
whale and fish oils are thus very unsatisfactory material for soap making/’ p. 123. 

“Candles are made of combustible solids, which melt at modera te temperatures to form 
liquids which are sufficiently fluid to allow of their supply to the burning zone through a 
porous wick. The region of flame is thus restricted, and the wick must be modified with 
regard to texture and porosity according to the nature of the liquefied substance, so that 
a regulated flow to the flame is assured. When considering the suitability of a fatty material 
for candle manufacture, it is necessary to bear in mind that the burning properties of the 
material will depend largely upon the form of the wick and the consequent type of flame 
produced. 

“The mechanism of the wick is, therefore, of considerable interest. Cotton is the 
standard basis of the candle wick, and it is frequently plaited with a slight strain on one 
strand, so that when the support given by the solid candle material is taken away by gradual 
melting the end of the wick curls over and burns away at the edge of the flame as the candle 
burns down. The shape of the flame is also modified in this way, and a less smoky burning 
is affected. 

“A preliminary treatment known as pickling is necessary to prevent the rapid combus- 
tion of the wick, and at the same time to produce a vitrification at the end which curls over 
to the edge of the flame so that it drops off easily. The pickling process consists in steeping 
the wick in a solution containing salts, such as borax, potassium nitrate, or ammonium 
phosphate. The excess of the solution is removed by placing the prepared strands in a 
centrifuge. A final drying in a heated chamber completes the necessary preparation. Fine 
metallic wires have been woven into the cotton wick in some cases, so that a bead of the 
metal may be formed at the tip of the wick to weight it down and produce a curl. Metallic 
salts which give a bead of the metal in the reducing gases of the flame have also been used 
to achieve this end.” 

One can hardly agree with the statement, p. 145, that “the second type of emulsion 
is very unstable and contains the water in very fine particles surrounded by oil. Only very 
powerful emulsifying agents arc capable of rendering this form permanent.” 

“It might be judged from the preceding that the synthetic fats could fully replace the 
natural products. Such, however, is not the case. The whole question of the mechanism 
of nutrition has acquired a new interest in the discovery that, in addition to a sufficient 
supply of food for the material renovation of the organism and the supply of energy, certain 
substances provisionally known and described as “vitamins” are essential if the body is to 
utilise efficiently the food-stuff supplied. These exist in minute quantities in the animal 
fats and oils and are apparently destroyed in the process of hydrogenation,” p. 149. 

Wilder D. Bancroft 



TEMPER COLORS^ 


BY C. W. MASON 

Ever since the time of Newton, when the nature of the interference colors 
produced by thin films was first recognized, it has been generally assumed 
that the so-called “temper colors’^ of metals were examples of this phenome- 
non.2 This view is widely held in works on Metallurgy and the change of 
color as tempering continues is considered to be due to the increasing thick- 
ness of the oxide film formed. The influence of temperature and of time 
on the film production and on the reactions of tempering in the metal itself 
are comparable, so that temper colors serve as a more reliable guide to 
tempering than could information as to temperature alone. 

The above explanation has been put in question by Mallock®, who says: 
“I had thought, and I believe it has generally been assumed that the colours 
of tempering were instances of the ordinary interference colours of thin 
plates, but the following simple experiment seems to prove conclusively that 
this cannot be the true explanation. If the colours were due to a film of 
appropriate thickness, a reduction of that thickness ought to change the 
colour; the blue should change to green, orange to yellow, and so on. I found 
however, that if the tempered steel surface was gently polished, until the 
clean surface of the metals was reached, there was no change of colour during 
the process, the blue remaining blue, and the yellow yellow, until the whole 
of the colour was removed. The intensity of the colour decreased as the 
film became thinner, but the character remained the same.’^ 

This observation, unquestionably a correct one, has raised the whole 
problem again, and later workers have accepted Mallock^s conclusion with- 
out sufficient examination of its justifiability, so that we have a number of 
writers ascribing the colors to selective reflection, diffraction, or resonance 
phenomena because they cannot be due to thin films. Before ruling out this 
explanation, however, it is desirable to survey the evidence for it rather 
carefully, and the present paper was written with this in mind. Previous 
study of various types of structural colors'^ involved the development of 
criteria by which the different kinds might be distinguished from each other, 
and these served as a basis for the study here presented. 

The most powerful argument against the non-structural basis of temper 
colors is the fact that the same sequence of color may be observed, wholly 
or in part, from a number of different metals acted upon by a number of 

^ This paper is a necessary corollary of experiments supported by a grant from the 
Heckscher Foundation for the Advancement of Research, established by August Heck- 
schcr at Cornell University. 

* In the seventeenth century metal powders were given various colors by heat treatment, 
for use in decoration. Beckmann: “History of Inventions,^ 2, i6o, ^1814). 

« Proc. Roy. Soc, 94 A, 561 (1918). 

* Mason: Jour. Phys. Chem. 27 , 201, 401 (1923). 
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different gases to form films of widely different chemical nature. Silver 
iodide or sulphide, copper or iron oxides, in fact, any ease where a metal is 
slowly acted upon by some sxibstance capable of forming an appreciably 
transparent and coherent product on its surface, will exhibit, to a greater or 
less degree, the same sequence of colors as the action proceeds. 

The colors formed are, in order, as follows: pale yellow, straw yellow, red 
orange, purplish red, indigo, blue, green, yellow, orange, purplish red, blue, 
green, purplish red, etc. with perfect gradation of each into the next. While 
the colors which develop first are very similar in the different cases, the range 
of the series is limited by various factors, so that the colors produced by more 
extended action upon various metals do not correspond strictly to each 
other. The general likeness in the series of colors produced by surface action 
is so marked, however, that the identical nature of those obtained on different 
metals would be self-evident at once, were it not for this dissimilarity under 
further action. The probable explanation of this will be discussed later. 

Another very characteristic property of temper colors is the change in 
hue which they exhibit with changing angle of incidence. This is best ob- 
served when the color is uniform over a considerable area, or where some 
definite spot on the surface can be watched without the observer’s attention 
shifting with the color. Naturally, there is a marked decrease in saturation 
as the angle of incidence increases; but, accompanying this, the hue itself 
changes, in a manner that is definite for a given color, whatever may be its 
chemical nature, and the color produced, to put it briefly, is one immediately 
preceding the original color, in the series given above. In other words, the 
color observed at grazing incidence is one which corresponds to that obtained 
by somewhat less chemical action on the metal, seen at vertical incidence. 
For example, purplish red will change to orange at grazing incidence, orange 
to pale yellow, etc. 

The character of the color sequence, and the change with angle of inci- 
dence, of course, are the foundation of the thin-film theory of the origin of 
temper colors. In terms of this theory, the observed facts may be described 
thus: As chemical action proceeds, increasing thickness of the film formed 
gives rise to a series of interference colors (Newton’s series) increasing in 
order with the extent of the action. As the angle of incidence is increased, 
these colors change to ones preceding them in the series, that is, to colors of 
thinner films. 

The concordance, as far as it has been carried, is adequate, and the only 
serious discrepancy is that stated above by Mallock. The thickness of the 
' color film on metals has not been measured directly, but soap films showing 
similar colors are of the order of magnitude of 0.25/4, for purple to deep ma- 
genta, (of the first order)^ which corresponds to a common temper color of 
steel, and if the index of refraction of the film itself (perhaps 3.+) is taken 
into account, this would indicate an oxide film only about o.i/x thick. It is 
hardly to be expected, therefore, that ‘‘polishing” with abrasive particles of 


^Boys: ‘*Soap Bubbles,*' 149 (1912). 
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order of magnitude of the thickness of the film itself, or more probably, 
several times this, should do anything except plow off the film without any 
progressive and unifonn thinning, any more than in “rubbing down’’ a var- 
nished surface with coarse sand paper. If the polishing were of the nature 
of surface flow, uniform reduction of the thickness of a film of brittle and 
imperfectly adherent oxide is not very probable. Mallock has not shown 
that it is possible to carry out his polishing experiment successfully in the 
case of a color that is admittedly due to interference. Chemical attack 
would be much more likely to prove something, one way or the other. 

When a brilliant blue temper color on highly polished steel is covered 
with a very dilute solution of nitric acid, the color does not disappear all at 
once, but instead passes through a sequence of colors, the exact reverse of 
that which is observed when the film is forming. It is possible to stop this 
action at any point by washing off the acid, and comparison of treated and 
untreated color films leaves no question as to the above facts; the blue may 
be changed to reddish purple, or, by longer exposure to the acid, to straw 
yellow. On reheating such a specimen, the original colors may be wholly 
or partially restored, passing through the sequence in the reverse direction. 
The above behavior may be duplicated with oxidized copper, the same 
lowering of the order of the color being observed. Nitric acid is not suitable, 
but dilute hydrochloric acid (concentration detennined by trial) attacks 
the oxide slowly and thins down the film evenly. 

Study of the colors of thin films with polarized light shows that at angles 
of incidence greater than the “polarizing angle” their color, for vibrations 
in the plane of incidence, is complementary to that for vibrations normal 
to this plane. This phenomenon is readily observable in the case of the 
“temper colors,” and points definitely to their identity with thin film colors, 
particularly since all hues of the vseries show this behavior, a fact hardly to 
be expected from a group of substances showing selective reflection. 

Incidentally, accurate measurement of the “polarizing angle” ought to 
furnish a means for determination of the approximate index of refraction of 
the film (n = tan. angle of incidence), and possibly for its identification. This 
angle is large, and indicates a very high index of refraction for the surface film. 

Mallock^ studied the behavior of temper colors with polarized light: 
“The colours of tempering arc best seen by polarized light, and their intensity 
is greatest at the angle of maximum polarisation. W hen so observed the 
blue changes, as the angle of incidence increases, through reddish-purple to 
a dark orange and finally to a straw yellow. THfe yellow and orange parts, 
on the other hand, change but little, becoming rather more intense at the 
angle of maximum polarisation; but the whole surface, which has been 
coloured by the tempering, assumes a nearly uniform yellow when the inci- 
dence is large. Thus the blue moves toward the red end of the spectrum, 
while the orange does the opposite, and although similar changes occur in 
the case of the higher order of Newton’s rings, the thickness of plate required 


^ Proo. Roy. Soc. 94 A, 561 (1918). 
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is far greater than that which produced the colours of tempering. It would 
seem probable, therefore, that the latter colours are due to some form of 
selective opacity depending on damped mdlecular periods comparable with 
the wave period,* rather than on a structure comparable with the wave- 
length.” 

As regards the change of color with increasing angle of incidence, Mallock’s 
own report corresponds perfectly to the behavior of a film of a thickness 
corresponding to about blue of the second order. It is not a question, how- 
ever, of the “end of the spectrum” toward which the colors move. People 
have been confused by this in the case of iridescent feathers. Thin-film 
colors change to those corresponding to thinner films as the angle of incidence 
is increased, and this is exactly what Mallock observed. As he says, the 
blue changes “through reddish purple to a dark orange and finally to a straw 
yellow,” precisely as does a thin-film color of the same hue. This, of course, 
is the reverse of the sequence of color changes which takes place when the 
film is forming (growing thicker). 

His statement regarding the thickness of film necessary is open to question, 
for the colors he describes apparently are in the second and upper first order, 
and for these only a very thin film is necessary (probably less than 0.3/i). 

If Mallock’s studies had been made with ordinary unpolarized light, the 
difference between the behavior of temper colors and that of substances 
showing selective metallic reflection (surface color) would have been more 
apparent, for while thin film colors change markedly with unpolarized light as 
the angle of incidence is increased, surface colors from substances showing 
selective reflection (magenta, malachite green, crystal violet, etc.) exhibit 
little if any change in hue under these conditions. 

Any theory of selefilive reflection as the cause of the colors necessitates 
postulating several differently colored oxides of each metal, formed always 
in the same sequence and, in some instances, of two or more oxides showing 
the same selective reflection. Apparently there is no direct evidence to sup- 
port such a series of compounds. Beilby*, in describing the temper colors of 
steel, ascribes the straw yellow which first appears to a thin film of FejOs; 
a somewhat thicker film is red, the color of thin films of hematite; the bril- 
liant blue which next appears is considered to be the surface color of the 
Fe208, which is now so thick as to be opaque, and to show no body color. 
However, no massive oxide of iron exhibits a blue surface color, and the 
identical appearance of thin films of colorless substances (e.g., AgBr) is 
evidence that the series oTsserved does not require such postulates for its 
explanation. 

Then too, presence of two whole “orders” of color can hardly be explained 
on the basis of anything other than thin films. In the case of some of the 


. * must be tme of all pi^ent colours, but something more is required to explain 
the dependence of the colours of tempering on the angle of incidence, a feature which is 
strongly ™^ked alMm the case of many 01 the aniline colours when examined as dry films 
by reflected light. (Mallock.) 


* “Aggregation and Flow of Solids,” 62. (1921.) 
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more readily oxidized metals, copper, for example, three ‘^orders’' or more 
may be observed. The resemblance to the well-known sequence of thin-film 
colors is so striking that it is natural that the great body of opinion on this 
subject inclines to this explanation, and it is unfortunate that Mallock^s 
experiment, inconclusive as it is, should have been allowed to outweigh such 
obvious resemblances\ 

Another experiment which adds a little to the thin-film explanation, de- 
pends on the fact that when exposed thin films are brought in contact with 
a medium of index of refraction near their own, the intensity of their colors 
is markedly decreased, and vanishes if the index of the film and of the ex- 
ternal medium are identical. On covering a series of ‘'temper colors” on 
steel with a liquid of index of refraction greater than 1.8, the diminution of 
intensity of reflection is very evident, as compared with that of the uncovered 
film, ('are must of course be taken to eliminate effects due to reflection 
from the surface of the liquid itself. Since any oxide which may exist prob- 
ably has an index of refraction at least as great as that of hematite (ca. 3.0), 
complete disappearance of the color is not to be expected; but the behavior 
observed corresponds very well to that of a color-producing thin film. Where 
the index of refraction of the film is more nearly matched, the effect is very 
striking; burnished silver becomes coated with a film of AgBr on exposure 
to bromine vapor, and (*olors corresponding to the first three complete 01 dors 
and part of the fourth may be recognized. C'overing the surface with a 
liquid of about 1.8+ index of refraction causes almost complete disappearance 
of the colors, [n AgBr = 2.2] 

On the other hand, selective reflection is ordinarily accompanied by 
anomalous dispersion, and substances exhibiting it show marked change in 
color with change in index of refraction of the surrounding medium. This 
is very strikingly exemplified by the solid dyestuffs, but there is no indication 
of it in the case of any of the temper colors. 

The change of color with angle, exhibited by films on metal surfaces, is 
not as marked as that observed with oil films on water; this is on account of 
the high index of refraction of the metallic oxides, sulphides, halides, etc., 
in question. Even when the light is grazing, the angle in the film is small 
(less than the critical angle), and, as a consequence, the retardation is less 
than if the light traveled a path more inclined to the normal. Newton^ 
recognized this general property and its application to films on metals: ‘T 
have sometimes observed, that the colours which arise on polished steel by 
heating it, or on bell-metal, and some other metalline substances, when 
melted and poured on the ground, where they may cool in the open air, have, 
like the colours of water-bubbles, been a little changed by viewing them at 
divers obliquities, and particularly that a deep blue, or violet, when view’d 
very obliquely, hath been changed to a deep red. But the changes of these 
colours are not so great and sensible as of those made by water. For the 

* Even Wood {Phil. Mag. (6) 38 , 98 (1919)] seems to have been put off the track by the 
“polishing^^ experiment. 

*‘‘Opticks,” 194 (1721). 
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scoria or vitrified part of the metal, which most metals when heated or 
melted do continually protrude, and send out to their surface, and which by 
covering the metals in th*^ form of a thin glassy skin, causes these colours, is 
much denser than water; and I find that the change made by the obliquation 
of the eyes is least in colours of the densest thin substances/' 

Mallock suggests that the colors are due to diffraction or at least he points 
out that in some instances the diffraction systems that he was studying gave 
a sequence of colors very close to that of the colors of tempered steel, and 
Hinshelwood^ states definitely that the colours are due to diffraction. “That 
the colours diown by oxidized copper and by tempered steel are due to dif- 
fraction was pointed out by Mallock, who found that a film of given tint 
could be ground away while retaining its colour, which must therefore be 
dependent not upon its thickness, as it would be if interference were the cause, 
but upon its minute structure.” Corroborative evidence is cited by Raman.* 

Any theory of diffraction as the cause of temper colors is open to the 
cogent objection that if this is the case the colors ought to disappear in uniform 
light, and ought to be observed, not in the direct line of reflection, but to the 
side of this. Neither is the case. 

Hinshelwood* gives some experimental studies of the oxidation of copper, 
which are of interest in the light of the preceding pages: “When the surface 
of a metal is exposed to the action of a gas with which it reacts chemically, 
brilliant colour phenomena are frequently produced. In some cases the 
colours are recognised as diffraction colours, produced by the scattering of 
light in the surface film, and not as simple interference effects. When this 
is found, the film must have a more or less complex structure, fine-grained 
compared with the wave-length of light, but of a coarse-grained granular 
nature compared with molecular magnitudes. The work of Beilby has 
drawn attention from other points of view to the complex structure which 
the surface layers of metals, or thin films of metals, may assume. 

“It seems to be of considerable importance to correlate the chemical 
activity of such surface films with their structure, in view of the bearing this 
correlation may have on the problems of heterogenous catalysis. A first 
attempt in this direction is made in this paper, the reaction investigated be- 
ing the oxidation and reduction of a copper-copper oxide film on the surface 
of metallic copper. 

“The general nature of the phenomena observed is as follows: When 
bright, rolled copper foil is exposed to the action of oxygen gas at low pres- 
sure, and at 2oo®-3oo°C., a film of oxide forms on the surface, and, as oxida- 
tion proceeds, the velocity of oxygen absorption diminishes considerably, 
owing to the difficulty of penetration of the oxide film.The surface assumes 
various tints, all of which, however, are quite faint, finally becoming black. 
Its metallic lustre is retained throughout. After reduction, a second oxida- 
tion is brought about very much more readily than the first, and the surface 

^Proc. Roy. Soc. 102A, 322 (1923). 

* Nature. 109 , 105 (1922). 

* Proc. Roy. ^c. 102 A, 318 (1923). 
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assumes a new series of tints, brighter than the first, and even qualitatively 
distinct from them. Successive oxidations and reductions take place more 
and more readily until, ultimately, a limiting rate appears to be attained, 
which may be some hundreds of times greater than the original rate. As 
the surface becomes more and more active chemically the diffraction colours 
simultaneously increase in brilliancy. ITltirnately a permanent colour se- 
quence, with tints of great brilliancy, is established, which may be traversed 
time after time. The surface loses its metallic lustre, and when in the fully 
activated condition the copper is salmon-pink in colour. 

^^During the activation process the structure of the surface film seems to 
change in the following way: At first the surface layers of the copper foil 
are compact as a result of its mechanical treatment; during the successive 
stages of activation by alternate oxidation and reduction, the copper atoms 
in the surface film are able, under the influence of surface tension, to aggre- 
gate themselves more and more completely into small discrete units in what 
Beilby calls *open formation,' and the film assumes a granular structure 
freely permeable to oxygen. From the experiments to be described it is 
possible in principle to determine the size of those small granules, and al- 
though there arc difficulties in the way of finding accurate values, it emerges 
clearly that the order of magnitude of their diameter is only a small fraction 
of ig. The view has been expressed that metallic grains as small as this 
assume a spherical form.^ B\it Bir George Beilby has kindly pointed out 
to me that the evidence of microphotographs shows the film to be lenticular 
in structure. In the last section of this paper the magnitude of the granules 
is calculated, for the sake of simplicity, on the assumption that they are 
spherical. The radius thus determined will be their mean or 'effective' radius. 

"Each small unit of copper will be oxidised independently, and the extent 
to which it is converted into oxide determines the (*olour of the diffracted 
light. The amounts of oxygen absorbed, corresponding to various well- 
marked steps in the colour sequence, has been determined, and may, inci- 
dentally, be of interest in connection with the optics of the phenomenon. 

"There is a curious difference between the phenomena observed during 
reduction and those observed during oxidation, which suggests an interesting 
mechanism for the gradual activation of the film." 

"In the oxidation of copper, the brilliancy of the colour increases pro 
rata with the chemical activity, the granular film which most effectively 
scatters light presenting the largest surface to the action of the oxygen. 
When fresh copper is oxidised the colours are faint ami the sequence is not 
constant, but is usually silvery or steely, pale straw, violet, black. The 
permanent colour sequence is purple, blue, green, very light green, (almost 
yellow), purple, blue, black. These are very brilliant, except the second 
appearance of purple and blue; they appear uniformly and are quite constant 
in hue from time to time 


^ Maxwell Garnett: Phil. Trans. 20S A, 279 (1906). 
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‘‘The oxidation of an active film must be imagined to consist in the inde* 
pendent oxidation of each of the small granules composing it, a layer of oxide 
being formed on the surface of each and extending inwards. The size and 
composition of each thus changes, and consequently the colour of the film 
alters. Thus, when the granules consist of approximately one-third oxide 
and two-thirds copper, the colour of the scattered light is bright blue. Within 
the boundary of each granular unit of copper or of copper oxide there is no 
reason to doubt that the density of the material is normal, the low mean 
density of the film being due to the spacing of the granules. 

“The effects observed during reduction differ in a remarkable manner 
from those observed during oxidation. No diffraction colours appear when 
a black film is reduced, the colour of the film at any stage of reduction being 
simply a shade of brown produced by the combination of the red colour of 
the copper and the black of the oxide.^' 

Hinshelwood^s experiments were duplicated roughly by oxidizing bur- 
nished copper in air and reducing it in illuminating gas, this being repeated 
several times. The color sequence produced by the oxidations was reversed 
by the reduction, and development of the matte character of the surface 
was very apparent. This was retained after reduction, and resembled un- 
burnished electrolytic copper. The microscopic appearance of the surface 
corresponded with this; a finely reticulated or granular structure was apparent, 
seemingly existing not as bosses, but rather as microscopic fissures in the sur- 
face. On repeating the oxidation and reduction a considerable number of 
times the oxide film became so brittle that it flaked off. This behavior on 
a coarse scale is consistent with the development of a reticulated microscopic 
structure on alternate reduction and oxidation. 

Beilby^ discusses at some length the development of porous or lenticular 
character in surface films on metals, and evidently some such structure plays 
a part in the optical behavior of the material, as well as in allowing the 
oxidation to proceed instead of “passivation’ ' taking place after the first 
formation of the oxide film. 

The color sequence which Hinshelwood reports (“purple, blue, green, very 
light green, purple, blue, black”), corresponds to the series of thin-film colors 
of the second and lower third orders; the first order (yellow, red) is obscured 
by the color of the copper, and the upper third by the opacity of the oxide 
formed. The increased brilliancy which he observed is due no doubt to the 
matte surface developed^on the copper by the oxidation and reduction, since 
the same apparently enhanced depth of color is observable on other metals 
which are only coarsely polished and then tarnished. Such matte character 
enables the color to be observed through a relatively wide angle of vision 
instead of at the angle of reflection only, and also decreases the “diluting” 
effect of the light reflected through the film from the metal surface beneath 
it. Both of these effects would serve to increase the apparent brilliancy as 
ordinarily observed. At the same time the specular metallic lustre is mark- 

“Aggregstion and flow of SoUds,” (1921). 
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edly lessened, and the resemblance to pigment coloring of the surface is 
heightened. These factors also govern the appearance of any matte metal 
surface, not covered by a color film. The differences between electrolytic 
and burnished copper or silver are striking enough to emphasize their sig- 
niffcance in the case of the colors observed when the metals are tarnished. 

It is possible to overlay such a matte metal surface by a thin film of 
varnish, prepared by allowing a drop to spread and harden on still water. 
Here we have a film which unquestionably owes its color to interference, yet 
when it is brought into contact with the metal the appearance is identical 
with that prclduced by tarnishing. Similar films on burnished metal show 
ve)ry much less vivid colors. On the whole, the brilliancy of the colors some- 
times observed does not appear to indicate any different origin from those of 
burnished metal surfaces. 

Raman^ seems to have been troubled by this appearance, and in his paper 
mentions another property of the colors which throws light on their physical 
nature, and is closely related to some of Hinshelwood^s ideas on the structure 
of the surface film which causes them; 

‘‘The well-known and characteristic tints that appear on the surface of a 
tarnishable metal when it is heated in contact with air have been usually 
regarded as interference colours due to the formation of a thin film of oxide 
on the surface of the metal. The correctness of this explanation has recently 
been questioned^ and rightly so, as a continuous film on a strongly reflecting 
surface cannot on optical principles be expected to exhibit such vivid colours 
as those observed. I have recently made some observations which shed a 
new light on th^s subject. It is found that the missing colours complementary 
to the tints seen by reflected light appear as light scattered or diffracted from 
the surface of the metal. In other words, if a plate of blue-tempered steel 
be held in a beam of light and viewed in such a direction that the regularly 
reflected light does not reach the eye, the metal shows a straw-yellow color 
and not the usual blue. It will be understood that the scattered fight, being 
distributed over a large solid angle, appears much feebler than the regularly 
reflected colour, and in order to observe the effect satisfactorily the metal 
should have a smooth polished surface before being heated up. Scratches 
and irregularities show the ordinary colour of the film, and not the comple- 
mentary tint. The most attractive effects are those exhibited by a heated 
copper plate, both on account of the vividness of the colours and on account 
of the ease with which the surface can be given a satisfactory polish. 

“It is clear from the observations mentioned above that the colours under 
discussion are in the nature of diffraction effects arising from a film which is 
not continuous, but has a close-grained structure. Interesting effects are 
observed when the surface of the illuminated plate is viewed through a nicol, 
the colour and intensity of the scattered, as well as of the regularly reflected, 
beams varying as the nicol is rotated about its axis. The most striking 

^ Nature, 109 , 105 (1922). 

* Proc. Roy. Soc. 94 A, 561 (1918). 
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effect is obtained when the direction of observation is nearly parallel to the 
surface of the plate. The scattered light in this case is nearly cojppletely 
polarised, and the color of the regularly reflected light changes nearly to its 
complementary when the nicol is turned through 90®. The phenomena 
strongly recall to mind the observations of R. W. Wood^ on the colours of a 
frilled collodion film on a silvered surface, which have been discussed by the 
late Lord Rayleigh^, and it seems probable that the explanation of the phenom- 
ena will ultimately be found to be somewhat similar in the two cases/’ 

This letter moved the editor of Nature to append the following note: 
“Mr. Mallock has shown that the colour of the oxide film is an intrinmc 
property of the material of which it is composed, and the material retains 
this property as it is gradually ground down from its original thickness to the 
vanishing point. Sir George Beilby’s observations have confirmed this, and 
have further shown that the film is an aggregate in open formation through 
which oxygen molecules can penetrate to the metallic surface. For each 
temperature above the temperature range the thickness of the film is deter- 
mined by the porosity of the aggregate to the oxygen molecules at that 
temperature. Direct experimental observations have shown the part played 
by time of heating at any given temperature. For example, at 275^0, a deep 
purple was reached in ten minutes, and this changed to blue from the margin 
inwards during a further period of twenty minutes. It was thus shown that 
the watch-spring blue, which could immediately be produced by a tempera- 
ture of 3oo°C, should also be produced by heating at 27 5°^ for thirty minutes. 
Sir George Beilby’s view is that the intrinsic colours of the films which are 
produced at difiTerent temperatures result from changes in molecular aggre- 
gation in relatively open formation of a similar nature to those ’^hich have 
been shown to occur in thin metal films, e.gr. gold. This is referred to in his 
recently published volume entitled “Aggregation and Flow of Solids”, sections 
3 and TO.” 

Although, as Raman points out, the “temper colors” of metals are similar 
in some respects to those of “frilled films,” it must be borne in mind that this 
does not preclude their explanation in terms of ordinary thin films. The 
distinctive feature of frilled films is their power of scattering light of comple- 
mentary color to that which they reflect directly. It is admitted that the 
color of the light reflected directly from such a film depends on the thickness 
of the film in a manner identical with that of a non-frilled thin film. 

The fact that the light scattered by frUled films is complementary in 
color to that directly reflected by them renders it also dependent on the thick- 
ness of the film, and points to its being related to the transmission color, 
which is also complementary to the directly reflected color, though less 
saturated. Probably the “frilling” serves, in some way not definitely under- 
stood, to scatter the colored light which would be transmitted by a film not 

1 ‘Thysioal Optics,'’ 172 (1914). 

*Phil. Mag. (6) 34 , 423 (1917). 
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backed by a reflecting surface, and at the sanae time eliminates the loss in 
saturation due to the reflection from the metal surface itself. 

The eifect of ‘^frilling,” whatever its real explanation may be, is manifest 
in the scattered light, and is viewed from a point considerably out of line of 
direct reflection best when the illuminating beam is normal to the surface and 
the line of vision is grazing. Under such conditions the ^‘temper colors^' 
exhibit more or less scattering of a color complementary to that which they 
reflect, but this scattering is not nearly as marked as in the case of the collo- 
dion films of Wood, and under ordinary conditions plays no part in the ap- 
pearance which is observed on a piece of metal. 

Any change in a thin film which will increase its opacity somewhat with- 
out decreasing the reflection from the outer surface will result in increased 
brilliancy of color^ and the frilling no doubt accomplishes this to some extent. 
The naturally strong absorption of metal oxides is also an important factor 
and helps to account for the vivid appearances observed, which Raman says 
“a continuous film on a strongly reflecting surface cannot on optical principles 
be expected to exhibit.’^ The effect of absorption in the film itself is exempli- 
fied by the case of asphaltum films on white paper. Such films, thin enough 
to give interference colors, arc distinctly brownish by transmitted light, and 
the colors seen against a white background are distinctly more brilliant than 
those of gold-size films, which appear colorless by transmitted light. In a 
sense, this is as if the asphaltum film were serving as its own dark background, 
with the enhancement of color that accompanies such an arrangement. 

A similar appearance is exhibited by ^^burned out^^ or old incandescent 
lamp bulbs in which the metal filament has been volatilized and deposited 
on the glass. This deposit probably consists of the metal itself, in a very 
fine-grained and uniform layer. Its opacity is very marked, yet the colors 
of the deposit are very striking, and resemble closely the temper colors of 
steel. Where the deposit is considerably thicker it appears almost opaque, 
and of a steely metallic appearance by reflected light. Here again we have 
a strongly absorbing substance showing colors in thin films rather more bril- 
liant than in the case of colorless substances. 

On the whole, it appears that the objections raised to the thin-film theory 
of temper colors may be rather readily reconciled with this view, while any 
conclusive evidence against the theoiy", or in favor of other explanations, 
seems to be lacking; on the other hand, these latter are open to serious 
question. 

The conclusions of this paper are as follows: — 

I. Temper and similar colors of metals arc due to interference of light, re- 
flected from the two surfaces of a more or less transparent film of a 
compound of the metal formed on its surface, in a manner correspond- 
ing precisely to Newton’s rings. 


^ Wood: 'Thysical Optics,^’ 171 (1911). 
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2 . Any reticulated or granular structure of the film adds to the vividness 

of the color. 

3 . A moderate degree of opacity of the film enhances the color. 

4. The color of the material of the film itself obscures the interference colors 

in the case of thicker films. 

5. Properties similar to those of “frilled films” are probably due to the fine 

structure of the film, but these are of minor importance in the ap- 
pearances observable under ordinary conditions. 

6. Diffraction or selective reflection are inadequate as explanations of the 

nature of the colors, and inconsistent with their behavior. 

Cornell University, 



ON THE INFLUENCE OF THIN SURFACE FILMS ON THE 
EVAPORATION OF WATER 

BY GUNNAR HEDESTRAND 

It is known from the work of Rayleigh,^ Devaux,^ Langmuir,* Marcelin,* 
Adam,® and others that certain oily substances such as the higher fatty acids, 
alcohols, and esters readily spread upon a clean water surface forming thin 
invisible films. From a careful study of the properties of such films many 
interesting facts have been found. 

All evidence is in favour of the assumption that these films are one mole- 
cule thick, and that by measuring the area occupied by a known amount of 
the oily substance, the cross-section of one molecule can be calculated. A 
comparison of the thickness of the film with the square root of the cross- 
section of one molecule proves that the oil molecules are oriented vertically 
to the water surface. According to Langmuir the chemically active groups 
of the molecules, carboxyl, amino group, double bond, etc., are directed down- 
wards towards the water, and the hydrocarbon chains upwards, parallel with 
each other. 

The surface properties of the water are altered by the oily contamination, 
the surface tension being diminished, but this decrease does not occur, till 
the close packing of the oil molecules begins. After the closely packed 
unimolecular layer is formed, there is no further decrease of the surface ten- 
sion. 

As a decrease of the surface tension means a decrease of the forces between 
the water molecules in the surface, it might seem probable that oil films would 
increase the rate of evaporation. However, by spreading a layer of oil on 
the water we introduce a resistance, which the water molecules have to pass, 
before they can escape to the gas phase. 

It was suggested to me by Professor Donnan, to try to determine in what 
way these ^ ‘dynamic^' conditions of the water surface are affected by the 
presence of an oil film. 

1. Experimental Methods 

The real rate at which the water molecules escape from the surface, is the 
rate of evaporation in a vacuum. On account of the high vapour tension 
of water, however, there are great difficulties in determining this rate, for 
in a vacuum the evaporation would be so rapid that the water would cool 
rapidly and soon freeze. 

^Rayleigh: Phil. Mag. (5^ 48 , 331 (1899). 

*Devaux: Am. Rep. Smithsonian Inst. 1913 , 261; Soo. Franc. Phvs. 55 , 3 (1914); 57 , 3 

(1914)- 

* 1 . Langmuir: J. Am. Chem. Soc. 39 , 1848, (1917). 

^ Marcelin: Ann. Phys. (9) 1, 19 (1914)* 

® N. K. Adam: Proc. Roy. Soc. 99 A, 336 (1921); lOlA, 452, 516 (1922). 
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In the method used in the following experiments a current of air of constant 
temperature is sucked with constant velocity over the water surface, and the 
evaporated water is absorbed and weighed. The arrangement is shown dia- 
grammatically in Fig. i. 

After having passed a drying apparatus, consisting of a bubbler with 
concentrated sulphuric acid, a drying tower with sodalime, and one with 
calcium chloride, the air comes to the flowmeter A, which serves for controlling 
the constant velocity of the air current. The tube ab is a capillary, which 
the air has to pass. The velocity of the flow of air is determined by the pres- 
sure difference at a and 6, which can be read on the manometer c, filled with 
coloured olive oil. Then the air goes through the glass spiral B, in order 
to obtain the same temperature as that of the thermostat, before it enters 



the wide glass tube C. — ^As the whole apparatus with the drying towers and 
the flowmeter was inside a large air thennostat, the current of air has the 
same temperature as the thermostat. — In the tube C there are some sheets 
of metal gauze in order to make the air flow uniformly through the whole 
section of the wide tube. Then there is on a metal stand the crystallizing 
dish df, containing the water with the oil film on its surface. 

As the amount of water vapour carried away with the air current varied 
largely with the height of the edge of the vessel above the water surface, it 
was necessary in all experiments to have the surface at the same height. 
This was attained by pouring always with a pipette the same amount of water 
into the vessel. The water surface was about 0.4 mm. below the edge of the 
vessel, whose cross-section was 18.2 sq. cm. 

The right end of the tube C is closed by a well-fitting ground joint. Great 
care was taken in putting in the dish and closing the tube that the water 
did not wet the sides of the dish d. 

The evaporated water is carried away by the flowing air and absorbed in 
the U-tube D, filled with dehydrated calcium chloride. When a high speed 
of the current of air was used, two absorption tubes were put in series. Be- 
fore the beginning of an experiment, air is sucked through the apparatus past 
the absorption tube through the rubber tube E, to let the water in the little 
vessel obtain the temperature of the thermostat. This way for the air current 
could be closed with the tap e, and then the absorption tube was brought 
in by opening the taps ff. 
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The current of air was obtained by sucking with a filter pump, but as 
the fluctuations of such a pump are rather large, it was necessary to regulate 
the flow of air with a self-working regulator. Such a regulator was readily 
obtained by using the principle of the manostat described by Arndt^ in his 
hand-book. In this way it was possible to maintain the current so constant 
that the height of the oil column of the manometer did not vary more than 
=bo.2 mm. 

The reproducibility of the method proved to be good, the limits of error 
being less than i per cent. 


2. Theoretical Remarks 

However, there are some theoretical objections that may be considered 
here. As the evaporation occurs in air of atmospheric pressure, the measured 
rate is not the real rate of evaporation, but in addition there is a diffusion 
effect. On the surface of the water in the vessel (Fig. 2.) there is the uni- 
molecular layer a of oil, that the evaporating molecules have first to pass 
through. Above this film there is a stagnant layer b of air, through which 
water molecules diffuse, before they are carried away by the flowing air. 



Fkj. 


Let us denote by po the vapour tension of water at the 
temperature used, by p the immediate pressure of water 
vapour above the oil film, when vapour is constantly 
flowing away (the equilibrivm pressure is equal to p©), 
and by pi the vapour pressure above the stagnant layer 
of air, that is the pressure of the water vapour in the flowing air. The rate 
at which the water molecules escape through the oil film is according to 
the theory of evaporation given by Langmuir^, determined by the number 
of water molecules in the surface having an outward velocity high enough 
to escape the attractive forces of the surface molecules and to overcome 
the resistance in the oil film; that is, the rate is determined by the vapour 
tension p© and the resistance of the oil film. 


The rate of diffusion through the adhering layer of air is proportional to 
the difference p-pi. Thus, if the current of dry air is so rapid as to carry 
away all the water molecules coming out from the diffusion layer, pi is equal 
to zero, and the rate of diffusion will be proportional to p, the pressure of 
water vapour immediately above the oil film, when there is a flow of water 
vapour away from the film by diffusion. Futher, the rate at which the vapour 
diffuses, is inversely proportional to the resistance of the stagnant air. The 
smallest of these two rates, escape through the oil film and diffusion through 
the adhering air, will be the rate determined by this method. 

It seems natural and is k priori probable that the real rate of evaporation 
of water should be diminished by oil molecules on the surface, and it might 


^ K. Arndt: '‘Handbuch phys.-Chem. Technik.” (1923)- 
* Ph3rB. Rev. 8, 149 (1916); J. Am. Chem, Soc, 38 , 2221 (1916). 
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be expected that the real rate of evaporation should vary with the number of 
oil molecules per sq. cm. of the surface as the curve I of Fig. 3 indicates. 

In the method used here the measured rate of evaporation will always be 
proportional to p, the vapour pressure immediately above the oil film, as the 
rate of diffusion is determined by this pressure. When only little oily sub- 
stance is spread on the water surface, the resistance of the film will be so small 
that the equilibrium pressure will be immediately established above the film; 
in other words, p will be equal to p©, and tlie rate of evaporation will remain 
the same. However, by addition of more and more oil to the surface the 
resistance of the oil film will increase, and from a certain number of oil 
molecules per sq. cm. it will become so great that the pressure p will 
become less than p©. In consequence the diffusion will be more slow, and 
the rate of evaporation will fall. The curve we should expect to obtain 
must therefore be of the shape of curve II in Fig. 3. 



Fig. 3 



3 . Experimental Results 

The apparatus was first calibrated by determining the amount of water 
evaporated from the clean surface. These values are recorded in Table I 
and the curve of Fig. 4. In order to show the degree of accuracy of the 
method the mean errors of the determinations are added. The temperature 
of the thermostat in these as in all the following experiments was 2o®C. 


Diff. on the meter 

Table I 

Evap. water per hour. 

Mean error 

mm. 

(miiligramB) 

% 

40 

19s *7 

0.6 

SO 

227.6 

■3 

60 

257. S 

.2 

70 

277.6 

.8 

120 

312.2 

.2 

180 

331-5 

. I 


As can be seen from the curve, a velocity of the air current corresponding 
to the flowmeter difference 180 mm. gives nearly the limiting value of the 
evaporation. 

Table II contains the values obtained when the surface was covered with 
a film of palmitic acid. The films were deposited on the water in the same 
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way as that used by Adam in his experiments. Pure palmitic acid was 
dissolved in pure thiophene-free benzene, the solution was appropriately 
diluted and a counted number of drops was put on the surface with a dropping 
pipette. The benzene readily spreads and evaporatc's in a few seconds, 
leaving a film of the fatty acid behind. 

Table II 

Films of palmitic acid. Flowm. diff. 60 mm. 


n 

in 

ni 

lllo 

0 

T .000 

0.21 

1.001 

0. 52 

1 .006 

0.94 

0 . 993 

I . 02 

0.901 

1 . 30 * 

1 .000 

2.06* 

0.900 


thi» evaporation of the henzoni' a small island of “visihlc” palnntir acid wus left 
on (ho surfa(‘o. 

The letters of the table have the following meaning: n/rii is the ratio be- 
tween the number (n) of oil molecules on the water surface in the experiment 
and the number (iii) required for the formation of a unimolocular, uncom- 
pressed film, the area of which is equal to the cross-section (18.2 sq. cm.) of 
the vessel used. In calculating the number ni the value 21.0X10’'^® sq. cm., 
obtained by Adam for the cross-section of the hydrocarbon chain, was used, 
m/mo is the ratio between the amount of water evaporated from the oil- 
covered surface, and that from the clean surface (Table I). 

It appears from Table II that the rate of evaporation is not diminished 
by even the compres.sed unimolecailar film of palmitic acid. A film of equal 
thickness, more than one molecule deep, cannot be obtained, as the benzene 
solution does not spread after the imimolecular film has been formed. \Mien 
more solution is added, a little lens of solution is formed, which evaporates 
slowly, leaving behind a small lump of solid palmitic acid. Even when only 
one drop of a stronger solution, containing mon' acid than corresponding to 
unirnolecular film, is used, it is not possible to obtain films more than one 
molecule thick, for only part of the drop spreads, the rest forming a lens on 
the water surface. This fact explains why the amounts of evaporated water 
are equal for n/ni>T. The oil films in these cases are all unirnolecular, ex- 
cept at that very small spot, where the solid little lump of acid, many thousand 
molecules thick, is situated. Of course the films will be more heavily com- 
pressed as the amount of benzene solution put on the surface is increased. 
However, as the coefficient of compressibility of the oil film is small (less 
than 3 per cent),^ the amount of fatty acid taken up by the water surface 
by the compression of the film, ’s only small. 


’ N. K- Adam: loc. cit. 
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Similar results were obtained, when the surface was covered with oleic 
acid (Table III) : no change of the rate of evaporation could be found. Again 
it was impossible to get films of equal thickness more than one molecule 
thick, a surplus of the oleic acid collecting to a small globule of pure acid. 
The latter is in agreement with observations made by Rayleigh^ Labrouste,^ 
and others. 

Table III 

Films of oleic acid. Temp. 20®. Flowmeter difference 60 mm. 


n 

m 

XU 

mo 

0 

I 

0.46 

1.007 

0.92* 

1.007 

2.30* 

0.998 

23.0* 

1.006 


* A small globule of oleic acid was left on the water surface. As oleic acid gives ex- 
panded filmSj a smaller amount of this acid than of palmitic acid, which gives condensed 
films, is required to Viuild up a unimolecular layer. 

In order to see whether the speed of the current of air was too small to 
let the expected decreasing effect of the oil film on the rate of evaporation 
appear, some determinations with palmitic acid were made, when a higher 
speed, corresponding to a flowmeter difference of 180 mm., was used. As 
pointed out before, this gives almost the ^limiting'’ evaporation. However, 
the result was the same: no change of the rate of evaporation was obtained, 
as Table IV shows. 


Table IV 

Films of palmitic acid. Temp. 20®. Flowmeter difference 180 mm. 


u 

m 

ni 

nio 

0 

I 

i.o's 

1 .001 


As we have seen, the rate of evaporation, as measured by this method, is 
determined by the vapour pressure immediately above the oil film (at the 
bottom of the diffusion layer). Connecting this with the results obtained, 
we can conclude that the vapour pressure above the film very rapidly becomes 
the same as that above the clean surface. Thus, the evaporation is so rapid, 
or the resistance of the oil film is so small, that the equilibrium vapour pres- 
sure is immediately established above the film, although vapour is continually 
removed. It therefore seems probable that unimolecular films of fatty acids, 
even when compressed, only very slightly, if at all, decrease the real rate of 
evaporation of water. 


^ Rayleigh: loc. cit. 

^ LabrouBte: Anu. Phys. 14 , 164 (1920). 
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Saponin Solutions 


Substances such as saponin, which in solution lower the surface tension, 

C d7 


concentrate at the surface according to Gibbs’ formula, q = — 


RT dC 


where q is the excess surface concentration. Consequently, in a saponin 
solution the concentration at the surface is greater than in the bulk of the 
solution, that is, there must exist an adsorbed layer of saponin molecules at 
the inside of the surface of the solution. It was of interest to see whether 
such films, formed by adsorption of a dissolved substance at the water sur- 
face, have any effect or not on the rate of evaporation. As the molecular 
weight of saponin is very great, a solution of not too high a concentration has 
practically the same vapour tension as pure water. A possible change of 
the rate of evaporation must therefore be due to the adsorbed surface film. 

The results of some determinations on saponin solutions of concentrations 
up to 2 per cent are given in Table V. 


Table V 

Temp. 20®. Flowmeter difference 180 mm. 


of fiaj.>onin. 

m 

% 

mo 

0 

I 

0.2 

0 

0 

0-5 

I .00 

1 .0 

0.99 

2.0 

I .00 


In this table m/rn© denotes the ratio between the amount of water evap- 
orated from the solution, and that from pure water. These amounts are, 
within the limits of error, equal, which proves that the rate of evaporation 
is not influenced by the adsorbed surface film of saponin molecules. 

Salt Solutions 

According to the values given above, a change of the surface tension seems 
to have no effect on the rate of evaporation of water. This was supported 
by some determinations on aqueous solutions of potassium chloride, which 
increases, and of potassium bromide, which lowers the surface tension of 
water. The concentrations were chosen so that the two solutions had equal 
vapottr pressures. 

Table VI 

2.012 N. Potassium chloride. Surface tension 1.04 (Water=i). 


Flowmeter cliff. 

m 


mm 

mo 

Po 

120 

0.025 

0.924 

180 

0.92s 




I2S2 


GUNNAR HEDESTRAND 


Table VII 


2 N Potassium bromide. Surface tension 0.93 (Water*® i) 


Flowmeter diflf. m p 

mm mo Po 

60 0.930 

120 0.915 0.924 

180 0.923 


From the Tables VI and VII it is evident that, within the accuracy of the 
method, the rate of evaporation is equal for the two solutions. Thus, a 
possible change, if any, of the rate of evaporation, caused by a change of the 
surface tension, is so small that it is completely covered by the diffusion 
effect. A comparison of the values of m/mo with those of p/po, the quotient 
between the vapour pressure of the solution and that of pure water, shows 
that the rate of evaporation is proportional to the vapour tension. 

As the vapour tension of water is not changed by a thin oil film, the results 
obtained with salt solutions support the conclusion that the decrease in the 
rate of evaporation of water, caused by a unimolecular film of fatty acids, is 
very small, if any at all. Indeed, this fact too is in favour of the conception 
that the relation between the water molecules in the surface and the oil 
molecules is a very intimate one. Thus, we cannot regard an oil film merely 
as a thin layer of oil floating on the water, though it behaves in many respects 
as if it were so, but we must consider the oil molecules as adsorbed, that is 
according to Langmuir,^ chemically bound by the electric stray fields of the 
surface molecules and partly ‘'dissolved^' in the water. They are, therefore, 
forced to follow the thermal agitation of the water molecules, the result of 
which is a definite evaporation. In this way we can understand that an oil 
film does not oppose any considerable ‘‘resistance” to the escaping water 
molecules and that the rate of evaporation is not diminished. The same 
reasoning can be applied to the case of a surface film, formed by the adsorp- 
tion of a substance in solution. 

I wish to express my best thanks to Professor Donnan, for the great 
interest he has taken in the progress of this work and for his valuable sugges- 
tions. 

Physico-Ch em ical Laboratory^ 

University College ^ London. 

December i 192S. 

^ Langmuir: J. Am. Chem. Soc. 39, 1848 (1917). 
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The Influence of Non-Electrolytes on the Precipitation of Sols by Electrolytes 

Thirty years ago Bodliinder^ found that small amounts of electrolytes 
caused rapid clarification of kaolin suspensions, whereas soluble non-electro- 
lytes appeared to have no effect even when added in large quantities. The 
latter observation has been disproven by the recent investigations of Roiia 
and Cyorgj^^ using a large variety of non-electrolytes su(;h as diphenylthio- 
carbarnid, (diloroforrn, tributyrin, camphor, thymol, a number of alcohols, 
and urethanes. The presence of ovory compound except those that are 
virtually insoluble in water, was found to increase the velocity of kaolin 
sedimentation. Since the effect of the non-electrolytes could not be duo to 
the wslight change in t h(^ viscosity of the medium, Kona and (hvbrgy concluded 
that the (*on)pounds added, produced a sensitization of the suspended particles 
toward the electrolytes always pr(‘sent and thus incivased the velocity of 
sedimentation. 

Such a sensitization of colloids by non-electrolytes has been observed by 
a number of investigators. Thus Billitzer"^ found that a negatively charged 
platinum sol could be sensitized, discharged, or even changed into a negative 
sol by the addition of suitable amounts of alcohol; \V(j. OstwakP precipitated 
a silver sol with propyl alcohol; and Kh'irr* showed that negativc^l}’^ charged 
sols of arsenious sulphide, gold, silica, and ferric oxide were agglomerated in 
part by alcohols; whereas positively" charged ferric oxide and silica w-ere not. 
Freimdlich and Koiia^’ observed that the addition of camphor, thymol, and 
uretlianes to ferric oxid(^ sol reduced the precipitation conciuitration of elec- 
trolytes. For example, the precipitation value of sodium chloride in the 
abseiu^e of i)on-(‘lectrolytes was 35 millirnols per liter. This value wras de- 
creased to 27 in the presenci? of 10 millirnols per liter of camphor; and to 20 
in the presence of 5 millirnols per liter of thymol. 

The sensitization of sols by non-electrolytes has been attributed by Wo. 
OstwakF and (/assuto^ to a change in the dielectric constant of the medium. 
Freimdlich® suggests that the sensitization results from the lowering of the 
charge on the particles by^ adsorption on their surface of the organic non- 

^ Jahrbuch Min., 2, 147 (1893). 

- Biochojn. Z., 105 , 133 (1920); of. Quincke: Drude s Ann., 7 , 37 (1902). 

*Z. physik. Chem., 45 , 312 (1903). 

* “Grundriss der KoUoidchemie", 471 (1909). 

» Kolloid-Z., 29 , 247 (1921). 

® Biochem. Z., 81 , 87 (1917). 

Loc. cit. 

* “Der kolloide Zustand der Materie“, 152 (1923). 

® “Kapillarchemie”, 637 (1922). 
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conductor which has a dielectric constant appreciably lower than that of 
water. It has been shown that the charge^ e, on a single colloidal particle^ 

E Dr (r+d) 
d 

where E is the potential difference of the double layer at the surface of a 
spherical particle of radius r, D is the dielectric constant and d the thickness 
of the double layer. From this it follows that the lower the dielectric con- 
stant the lower the charge on a particle. This would mean that the amount 
of a precipitating ion that must be adsorbed to effect neutralization will be 
less and so the precipitation value of an electrolyte will be decreased as 
Freundlich observed with ferric oxide sol. Furthermore, as the velocity of 
migration, u, of a colloidal particle in an electric field is given by the expres- 
sion: 

EHD 
u« 

4Trj, 

a decrease in D will cause a falling off in u. That such is the case was demon- 
strated by Freundlich and Rona who found for a pure ferric oxide sol, u=*o.4 
Xio"^ cm/sec for a potential of one volt/cm, while for a sol containing 5 
millimols of camphor per liter, u ==0.2X10"^ cm/sec and for one containing 
25 millimols thymol per liter 0 = 0.3X10“* cm/sec. From the slope of the 
adsorption isotherms, Freundlich also deduced that the decrease in precipi- 
tation value will be appreciable only for electrolytes containing univalent 
precipitating ions that are weakly adsorbed; and will be very slight or neg- 
ligible for electrolytes containing strongly adsorbed precipitating ions. 

From conclusions drawn by Freundlich as a result of his investigations 
on ferric oxide sol, it would appear to follow that the addition to colloids of 
non-electrolytes having a lower dielectric constant than water, will always 
decrease the precipitation value of electrolytes; and that this effect will be 
greater the lower the dielectric constant of the non-conductor added. These 
deductions appear to be disproven by the investigations of Kruyt and van 
Duin^ on arsenious sulphide sol. They found that the effect of non-elec- 
trolytes such as phenol and isoamyl alcohol on the precipitation value of 
electrolytes was determined by the nature of the precipitating ion; for uni- 
valent and trivalent ions the precipitation value was lowered; while with 
bivalent and tetravalcnt ions it was raised. Moreover, for any given elec- 
trolyte the change in the precipitation value seemed to be independent of the 
dielectric constant of the non-electrol3rtes employed. Kruyt and van Duin* 
studied the adsorption of non-electrolytes by charcoal and found for a given 
electrolyte, that there was a parallelism between the effect of different non- 
electrolytes on the precipitation value for colloidal arsenious sulphide and 
the adsorption of the non-electrolytes by carbon. However, they were unable 
to account for the fact that the same non-electrol3rte appears to stabilize a 


^ Kolloidchem. Beihefte, 5 , 1270 (1914). 
*Cf. van Duin: Kolloid-Z., 17 , 123 (1915). 
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sol toward certain electrolytes and to sensitize it toward others. The experi- 
ments to be recorded in the next section throw some light on the mechanism 
of the process which accounts for these apparent anomalies. 

Experiments with Colloidal Arsenious Sulphide 

For a satisfactory study of adsorption during the precipitation of sols, 
the latter must not be too dilute, otherwise the change in concentration of 
electrolyte due to adsorption, will be insufficient to measure accurately. 
As Kruyt and van Duin did not give the concentration of the sol they em- 
ployed, it was necessary, at the outset, to determine the effect of concentra- 
tion of sol on the precipitation value of an electrolyte in the presence of a 
constant amount of non-electrolyte. The initial experiments were made 
with colloidal arsenious sulphide prepared by dropping a solution of arsenious 
oxide into water through which was bubbled a stream of carefully washed 
hydrogen sulphide. The sol was washed free from hydrogen sulphide by 
hydrogen and kept in an atmosphere of the latter gas. 

Precipitation experiments. The concentration of the original sol used in 
these experiments was 12.5 gins, per liter. From this, more dilute sols were 
prepared and the precipitation value of electrolytes was determined for each, 
both in the presence and absence of phenol. The procedure was as follows: 
After determining the approximate precipitation value, 10 cc. of colloid was 
diluted in a test tube with 5 cc. of water or 5 cc. of phenol solution and allowed 
to stand 20 minutes. This was then placed in the outer compartment of a 
small mixing apparatus similar to that employed in earlier experiments.* 
In the inner compartment was placed a definite amount of electrolyte diluted 
to 5 cc. The electrolyte was measured with a 2 cc. pipette graduated in 
0.05 cc. After mixing, the contents were poured into the test tube that held 
the colloid originally and the mixture allowed to stand 2.5 hours, shaking at 
the end of the one- and two-hour intervals. To determine whether or not 
precipitation was complete, the contents of the test tube were centrifuged 


Table I 

Precipitation of Colloidal Arsenious Sulphide 


Concentration 

of 

colloid 

Precipitation Values 

Milliequivalents per liter 

1 without phenol 

1 with phenol* 


K(^l 

BaCU 

KCl 

HaCU 

100% 

(i2.S5 g. per i) 

75-6 


44.4 

00 

00 

« 

50 % 

81.8 

1325 

50.6 

2.100 

25 % 

839 

1,440 

53-1 

2.025 

12. s% 

86.9 

1.400 

54.4 

2.000 


♦Concentration of phenol 170 milliequivalents per 1. 


* Weiaer: J. Phys. Chem., 24 , 48 (1920). 
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and a portion of the supernatant liquid examined for the presence or absence 
of the slight greenish opalescence which serves to detect very minute amounts 
of the colloidal sulphide. The results with KCl and BaCU are given in 
Table I and are shown graphically in Fig. i. The concentration of the sols 
is expressed in percent, taking the most concentrated as 100%. The curves 
given in Table I were obtained by plotting concentration against ratio of 
each precipitation value for an electrolyte to that of the strongest colloid. 
It will be noted that the precipitation value of KCl increases and that of 
BaCU decreases with dilution of the pure sol, a circumstance that has been 
considered in detail in an earlier papers 



The presence of phenol lowers the precipitation value of KCl and increases 
that of BaCl2 for sols of all concentrations between 12.5 gms. and 1.5 grns. 
AS2S3 per liter. In both cases the ‘‘phenol^' curves are slightly above those 
for the pure sol, showing that the percentage lowering of the precipitation 
value of KCl in the presence of phenol is relatively greater than the per- 
centage raising of the precipitation value of BaCh. Since the effect of phenol 
on the precipitation value is of the same general character with sols of widely 
varying concentrations, there appeared to be no objection to working with a 
sol that was sufficiently concentrated to make satisfactory adsorption studies. 

If the addition of a non-electrolyte to a sol sensitizes it, one should not 
expect the precipitation value of BaCU to be raised as the observation dis- 
closes. In view of this apparent abnormalitj’^, and the relative ease with 
which barium ion may be determined, the following experiments were carried 
out: 

It was necessary, first of all, to determine whether an accurate estimation 
of barium could be made by precipitation as sulphate in the presence of phenol 
and of isoamyl alcohol. That this can be done is clear from the results of 
the experiments recorded in Table II. 


^ Weiser and Nicholas: J. Phys. Chem., 25 , 742 (1921). 
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Table II 

Standardization of Barium Chloride 


Con ton if* of solution analyzed 


BaCls 

approx. N/50 

CO 

Non-(3l(‘otrolyte 

0(! ‘ 1 

Wat(‘r 

Woii^ht of 

BaS 04 


Phtaiol Lsoaniyl alcohol 

66.0 "/I i7.op:/l 

0(! 

50 




100 

0. 1162 

so 




100 

0.1163 

50 



50 

50 

0.1158 

50 



50 

50 __ 

1 

d 


The arsenious sulphide sol used in the following experiment was prepared 
as previously described; it contained 31.3 gms. AsoSs per liter. The precip- 
itation value of BaCla was determined both in the absemce and in the presence 
of phenol and of isoamyl alcohol. For the purpose of the experiments to be 
described later on, the precipitation value with mixtures of HaCl> and AlCU 
in the presence of phenol, were also determined. In accord with earlier ob- 
servations, the precipitating action of such mixtures is approximately addi- 
tive^ All values are given in cubic centimeters of solution einploy(‘d. "i'he 
solutions of non-electrolytes used, were appi-oximately saturated at- ordinary 
temperatures. The efTe(‘ts are therefore the maximum that could bo obtained 
by the procedure (*iti ployed. 

Table III 


Precipitation of Colloidal Arsenious Sulphide 

Solutions 1111X0(1 that nn'oipitalion 

Total volnnu* 20 00 . 


No. 

Colloid 

31.3 K per I 

Phenol 
()6 0 p, ])er r 

BaCl, 

N/50 

AK’h 

N/h^) 

ILO 

i 

10 

0 

3U 


6.86 

II 

10 

5 

4-23 


0.77 


10 

5 


J 51 

3-49 

III 

10 

5 

314 

0.36 

1 . 50 

IV 

10 

5 

2 .00 

0.83 

2.17 

V 

10 

5 

Lsoaniyl 

alcohol 

17.0 g. per 1 

1 .00 

1. 18 

2 . 82 

VI 

10 

5 

3-94 


1 .06 

VII 

10 

5 

3-14 

0.25 

1 .6i 


Adsorption Experiments, Adsorption experiments were carried out in 
the following manner: To 100 cc. of colloid was added 50 cc. of water or non- 
electrolyte and the mixture placed in the outer compartment of a mixing 


^ Weiser: J. Phys. Chem., 25 , 665 (1921); 28 , 232 (1924). 
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apparatus of suitable dimenions. In the inner compartment was placed 
the required amount of electrolyte diluted to 50 cc. After standing 20 minutes 
the contents of the apparatus were shaken thoroughly and then transferred 
to a 250 cc. bottle. After standing 2K hours the precipitate was matted 
in the bottom of the vessel by the aid of a centrifuge and a definite volume 
pipetted off for analysis. Since the solution usually contained a minute 
trace of sulphide, it was allowed to stand 24 hoius and was then filtered 
through a small filter paper. The subsequent analysis was carried out as 
nearly as possible under the same conditions as were used in standardizing 
the solution. The results of a series of seven experiments (corresponding 
in number to those in Table III) are recorded in Table IV and shown graphi- 
cally in Figure 2. 

Table IV 

Adsorption of Barium Ion by Arsenious Sulphide 


Solutions mixed 
with 100 cc. colloid contg. 

31.5 g. AS2S3 

BaSOi remaining 
in 

180 cc. 

Barium 
adsorbed 
Grams 
per mole 
AsjSi 

No. 

N/50 BaCU 
cc 

Phenol 

cc 

H2O 

cc 

Average 

I 

31-40 

0 

68.60 

0.0501 




31-40 

0 

68.60 

0.0503 

0.0502 

0 . 80s 

II 

42.3s 

50 

7 . 6 s 

0.0749 




42.3s 

50 

7.65 

0.0753 

0.0751 

0. 708 

III 

31-40 

50 

15.00* 

0.0531 




3140 

SO 

15.00* 

0.0530 

0.0531 

0.657 

IV 

20.00 

SO 

2 1 . 70* 

0.0312 




20.00 

SO 

2 1 . 70* 

0.0315 

0.0314 

0.538 

V 

10.00 

SO 

28,20® 

0.0132 




10.00 

SO 

28.20* 

0.0136 

0.0134 

0.381 



Isoamyl 

alcohol 





VI 

3936 

50 

10.64 

0 . 0680 




39-36 

50 

10.64 

0.0679 

0 . 0680 

0-753 

VII 

31-40 

50 

16. 10^ 

0.0519 




31-40 

SO 

16. TO^ 

0.0521 

0.0520 

0.713 


^ + 3.60 cc. N/ioo AICI3. 

* 4 - 8.30 cc. N/ioo AlCla 
• 4 - 11.8a cc. N/ioo AICI3. 

* 4 2.50 cc. N/loo AlCls. 
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The results recorded in Table IV are so significant that but little comment 
is necessary. Comparing the results of experiment I with those of experiment 
II, it will be observed that the adsorption is less in the presence of phenol 
although the amount of electrolyte that must be added to effect precipitation 
is greater. This means that the sol is sensitized, in the sense that less barium 
ion must be adsorbed in order to lower the charge on the particles below the 
critical value necessary for agglomeration and precipitation. The fact that 
a higher concentration of barium must be present to cause precipitation of 
the sensitized sol is due to the marked influence of the adsorption of phenol 
on the adsorption of barium ion. This is demonstrated clearly in experiment 



III in which the adsorption of barium in the presence of phenol is determined 
at the concentration of electrolyte that will cause precipitation in the absence 
of phenol. It will be noted that the adsorption is cut down almost 20%. 
This cutting down of the adsorption is not due to the very low concentration 
of aluminum ion (0.0018 N) since there is very little if any antagonistic action 
under these conditions. Similar results were obtained with isoamyl alcohol 
as shown by experiments VI and VII. 

Comparing experiment III with VII, it will be noted that the adsorption 
of barium at the precipitation value of BaCU in the presence of phenol is 
less than that in the presence of isoamyl alcohol. This indicates that phenol 
has sensitized the sol more than the alcohol, a result that might be expected 
from a comparison of the dielectric constants of the two compounds. It 
should be pointed out however, that the concentration of phenol is higher 
than that of the alcohol. Moreover we have no measure of the relative 
adsorbability of the two non-electrolytes by the colloidal particles. One 
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compound that is strongly adsorbed may have a greater effect than the same 
concentration of another compound having a higher dielectric constant, that 
is less strongly adsorbed* 

Attention should be called to Figure 2 which shows that the adsorption 
of barium below the precipitation concentration follows the well-known 
adsorption isotherm. Such a result was predicted by Freundlich and was 
indicated by some earlier observations made in this laboratory^ The truth 
of this important assumption is now definitely established b}^ direct experi- 
mental observation. 

As already recorded the precipitation value of KCl is lowered quite 
appreciably by the presence of phenol. As Freundlich pointed out^ this is 
probably due to the relatively flat character of the adsorption isotherm for 
univalent precipitating ions. AVith such ions the change in adsorption is 
usually very slight for relatively large changes in concentration; conversely a 
slight decrease in the adsorption necessary for lowering the charge on the 
particles below the critical value will be marked by an appreciable lowering 
of the precipitation value. Thus a lowering of 10% in the amount that 
must be adsorbed, such as observed in the preceding experiment, may cause 
a lowering in the precipitation value of 50% or more, if no other factor enters 
in. As a matter of fact, the presence of phenol doubtlc^ss cuts down the 
adsorption of potassium iorr\a circumstance that would tend to incrcvase the 
precipitation value. This effect is of course much less marked than in the 
case of BaCb since the concentration of potassium ion is approximately 100 
times greater than that of barium ion. Moreover, the high precipitation 
value of K(')l results, in pai't, from the fact that the adsorption of chloride 
ion at certain concentrations, is comparable to that of potassium ion^. Since 
the presence of phenol doubtless cuts down the adsorption of chloride ion as 
much or more than that of potassium ion, this amounts to a sensitization of 
the sol and a consequent descrease in the precipitation value. With BaCU 
as precipitant, the concentration of the relatively slightly adsorbed chloride 
ion at the precipitation value is too low to have any appreciable influence. 

We may now consider what will be the influence of a like amount of phenol 
or isoamyl alcohol on the precipitation value of a salt with a trivalent precip- 
itating ion such as AlCla. On account of the steep slope of the adsorption 
•isotherm for aluminum ion as compared with that of a univalent ion, one 
should expect the small sensitization of the sol to lower the precipitation 
value but slightly^ Opposing this, is the cutting down of the adsorption of 

^ Weiser: J. Phys. Chem., 28 , 232 (1924). 

“Kapillarchemic”, 638 (1922). 

® According to Lachs and Michaclis (Kolloid-Z., 9 , 275 (191 1), the adsorption of chloride 
ion from solution by charcjoal is not changed appreciably by the presence of phenol or iso- 
amyl alcohol. On account of the high precipitation value of potassium chloride and the 
relatively small change in concentration of potassium ion after precipitation of arsenious 
sulphide sol, it was impossible to determine accurately the adsorption of potassium ion in 
tlie presence and the absence of non -electrolytes. 

* Cf. Weiser: J. Phys. Chem., 25 , 680 (1921); 28 , 241 (1924). 

®Cf. Freundlich: Loc. cit. 
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aluminum ion by adsorbed non-electrolyte. This latter effect should also be 
small on account of the very strong adsorption of aluminum ion even in low 
concentration. The sum of these two opposing influences would be expected 
to give a net change in the precipitation value that is very slight or negligible. 
Kruyt and van Duin claimed, however, that the precipitation value of 
KA1(S04)2 is lowered quite appreciably by the presence of phenol or isoamyl 
alcohol. It is impossible to say how this result was obtained; but we have 
been unable to confirm it by repeated observations on several different sols 
and on several concentrations of the same sol. A few of these observations 
are given in Table V. For the more concentrated sols the (lifference in pre- 
cipitation value is too small to be detected. With very dilute sols the 


Table V 

Precipitation of Colloidal Arsenious Sulphide with Aluminum Salts 


Electrolyte 

CV)neentnition 
of colloid 

R I)cr 1 

(Vmccniration 
of phenol; inilli- 
equivalents per 1 

Precipitation values 
millieqiiivalents j)er 1 
without with 

phenol phenol 

AK^U 

3 1 • 50 

170 

0 

0 

0 

0 

Aid,, 

6.17 

170 

0 025 

0 

0 

AlCl, 

34.70 

00 

0 063 

0.063 

Aic;i, 

0.385 

T70 

0.03 2 

0.013 

KA1(H()4)2 

13*43 

170 

0.048 

0.048 

KAirS04)2 

34.70 

00 

XT; 

0.08 1 

0.081 

KAI ( 804)2 

1. 10* 

170 

1 

0 

b 

M 

0 

0 


• Sol. prepared by the method of Freimdlieh and Nathanson: Kolloid-Z . 28 , 258 (1921). 


precipitation value appears to be slightly greater rather than less in the pres- 
ence of phenol. Since the concentration of aluminum ion necessary for 
precipitat’on is so low and the adsorption so great, the amount that remains 
in solution after precipitation is, unfortunately, too small to detect the very 
slight difference in adsorption that must exist in the presence and the absence 
of non-electrolytes. 

Experiments with Colloidal Hydrous Oxides 

Predpitaiion Experiment, Colloidal hydrous ferric oxide and hydrous 
chromic oxide were prepared by Neidle^s method^ and dialyzed in the hot for 
several days. The precipitation concentrations of various electrolytes with 
and without the presence of phenol and isoamyl alcohol were determined as 
previously described for arsenious sulphide, except that the solutions after 
mixing were allowed to stand quietly for 2)4, hours after which they were 
centrifuged to determine whether precipitation was complete. The results 
which are recorded in Table VI, indicate that the hydrous oxide sols 


1 J. Am. Chem. Soc., 39 , 71 (1907). 
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are sensitized but slightly by the presence of phenol or isoamyl alcohol 
The precipitation concentration of KCl is lowered a small amount by the 
presence of a non-electrolyte while that of salts with multivalent precipitating 
ions is changed but little if at aU. These results are in agreement with those 
of Freundlich on hydrous ferric oxide to which reference has already been 
made. From these obsen^ations we should expect phenol and isoamyl 
alcohol to have little influence on the adsorption of multivalent ions during 
the precipitation of the colloidal oxides. 

Table VI 


Precipitation of Colloidal Hydrous Oxides 


Colloid 

Electrolyte 

Precipitation value 
milliequivalents per liter. 

without 

non-electrolyte 

with 

phenol 

with 

isoamyl alcohol 

FcsO^ 

KCl 

40.5 

37-1 

36.2 


KjCjO. 

0.40s 

0.405 



KsSO. 

0-433 


0.424 

Cr20s 

K2Ci04 

0.630 

0.610 



KjSO. 

0.637 


0.632 


Adsorption Experiments. The adsorption of multivalent precipitating 
ions by hydrous oxides is so strong that most of them arc adsorbed at the 
precipitation concentrations. Since the critical values are practically the 
same both in the presence and the absence of non-electrolytes, it is impossible 
to detect any change in adsorption at this point. Accordingly, some obser- 
vations were made above the precipitation value of K2SO4 using both colloidal 
ferric oxide and colloidal chromic oxide. The procedure was identical with 
that described for the adsorption of arsenious sulphide, except that the solu- 
tions were not stirred after the initial mixing. The results are given in 
Tables VII and VIII. 


Table VII 

Adsorption of Sulphate Ion by Hydrous Chromic Oxide 


Solutions mixed 
with 100 cc colloid conig, 

0.2 g CraOa 

Ba8()4 remaining 
in 

170 cc. 
gms. 

8ulphate 
adsorbed 
gms. per mole 
Or^O, 

M /50 K28O4 on-electrolyte 

(1C cc 

HjO 

cc 

average 


25 0 

75 

0.0361 


25 0 

isoamyl alcohol 

75 

0.0359 0,0360 

5-00 

■ 

25 50 

25 

0.0363 


25 50 

phenol 

25 

0.0361 0.0362 

4-95 

25 50 

25 

0.0361 


25 50 

25 

0.0361 0.0361 

4.96 
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Table VIII 

Adsorption of Sulphate Ion by Hydrous Ferric Oxide 


SoluiionH mixed 
with 100 cc colloid contg. 
3.51 g FeaO* 


N/50 K2S04 
cc 

non-electrolyte 

cc 

H2O 

cc 

20 

0 

80 

20 

0 

isoamyl alcohol 

80 

20 

50 

30 

20 

so 

phenol 

30 

20 

50 

30 

20 

50 

30 


BaS()4 remaining 1 

in 1 

175 or I 

gins. 

Sulphate 
adsorbed 
gmj?. tier mole 
Fe^C), 

average 


0.0296 


0.0292 0.0294 

2.50 

0.0293 


0.0294 0.0293 

2.49 

0.0289 


0.0293 0.0291 

2.4s 


As was to be expected from the precipitation experiments, the adsorption 
of sulphate by the hydrous oxides is approximately the same in the presence 
as in the absence of phenol and isoamyl alcohol. With both sols there appears 
to be a slight decrease in adsorption in the presence of the non-electrol3rtes. 
While this is as it should be, the results are scarcely accurate enough defi- 
nitely to establish such a tendency. 

Stunmary and Conclusions 

1 . A study has been made of the adsorption during the precipitation by 
electrolytes, of negative arsenious sulphide sol and of positive hydrous ferric 
oxide and hydrous chromic oxide sols both in the presence and the absence 
of phenol and of isoamyl alcohol. 

2. The adsorption of a non-electrolyte by the particles of a sol decreases 
the stability of the latter, in the sense that less of a precipitating ion must 
be adsorbed in order to decrease the charge below the critical value necessarf 
for agglomeration and precipitation. The extent of the sensitization depends 
on the concentration and adsorbability of the non-electrolyte and its dielec- 
tric constant. This effect tends to lower the precipitation value of an elec- 
trol3rte. The amount of the lowering is greatest for electrolytes with weakly 
adsorbed precipitating ions that precipitate only in relatively high concen- 
tration. 

3. The adsorption of a non-electrolyte by the particles of a sol cuts down 
the adsorption of the precipitating ion of the electrolyte added to produce 
coagulation. This effect tends to raise the precipitation value of an electro- 
lyte. 
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4. Since the factors given in (2) and (3) have opposite effects on the 
precipitation value of electroljrtes, it follows that, depending on the condi- 
tions, the precipitation value may be increased, decreased or remain un- 
changed in the presence of a non-electrolyte. 

5. The adsorption of barium ion by colloidal arsenious sulphide has been 
determined at a number of concentrations below the precipitation value. On 
plotting the results of these observations, a typical adsorption isotherm was 
obtained. 

I am indebted to Miss Charlotte Schaler, an Honors Student in Chemistry, 
for preparing the colloidal solutions used in this investigation and for making 
a number of the precipitation experiments. 

Department of Chemistry^ 

The Rice Imtiinte^ 
llouaton^ Texan, 



VAPORIZATION OF LIQUID MIXTURES* 

BY J. F. KING AND S. P. SMEDLEY 

Introduction 

Among the different classes of physical mixtures, the simplest ones and the 
ones for which the relations have been most satisfactorily worked out are the 
gaseous mixtures. The generalizations of Raoult and van^t Hoff along with 
the work of many investigators such as that of Morse and Frazer have cleared 
up to a great extent the behavior of mixturCvS of solids in liquids. In this class 
the relations are quite well understood, at least, for certain ones of solids in 
liquids where the mol fraction of solid is small. The properties, however, of 
mixtures of liquids in liquids arc not so well understood and the relations which 
exist in this class are apt to be quite complicated. Seldom are the properties 
additive or can they be calculated from the properties of the pure components. 
We, therefore, can classify all liciuids into two groups, those which form ideal 
mixtures with normal properties and those whose mixtures have abnormal 
properties. 

One of the most important properties of liquid mixtures is that of vapor 
pressure. This property is made use of whenever it is desired to separate the 
liquids by fractional distillation. The abnormal liquids give the mixtures 
which arc constant evaporating, having a maximum or minimum vapor pres- 
sure. The normal liquids can be separated from their mixtures by fractional 
distillation. F requontly chemists wish to know whether a given pair of liquids 
forms a constant evaporating mixture. 

The determination of the vapor pressure curve for a series of liquid mix- 
tures gives a method for determining the existance of a constant evaporating 
mixture. However, once the vapor pressure curve has been constructed, it is 
usually difficult to determine just what the composition of the mixture is 
which has the maximum or minimum vapor pressure because of the flatness of 
the vapor pressure curve. One can use the method of Rosanoff^ of finding the 
equation of the curve and solving for the point of inflection. Still this does 
not enable one to locate the composition of the mixture any more closely, 
(hemists usually make use of distillation methods for determining the con- 
stant evaporating mixture. I'he distillation method is a tedious one to carry 
out and quite difficult where the mixture has to be determined with any degree 
of accuracy. In this paper we give three simple and rapid methods which can 
be used for determining the composition of the constant evaporating mixture. 

First Method 

Determination of the Vapor Pressure Curve 

Several static and dynamic methods for determining the vapor pressure of 
mixtures of liquids have been worked out. The principal objection to all these 

♦Contribution from the Thompson Chemical I^aboratory of Williams College. 

1 J. Am. Chem. Soc. 36 , 1993 (1914)- 
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methods is the length of time necessary to complete a determination and the 
difficulty of manipulation. Chemists appear to favor the dynamic methods. 

Among the dynamic methods are: 

1. The method of boiling-points where the boiling points of a series of 
liquid mixtures are determined at different pressures. Then the pressures 
corresponding to a certain temperature are plotted against composition. The 
objection to this method is the large number of observations needed for the 
construction of the vapor pressure curve. 

2. The air saturation method gives an accurate method for determining 
the total vapor pressure as well as the partial pressures of the mixtures. The 
objection to this method is the large amount of time necessary to bring the 
air to saturation as it is drawn through the mixtures. 

3. We also have the method worked out by Rosanoff, Bacon and White^ 
of passing a vapor of known composition through the mixture until equilibrium 
is reached and then analysing the mixture. This method is also slow of opera- 
tion and difficult of manipulation. 

The '^submerged bulblet” method of Smith and Menzies^ gives a very 
simple, rapid and accurate method for determining vapor pressures and boiling 
points. This method has been applied to: — 

1. The determination of the boiling point of a pure liquid. 

2. The determination of the vapor pressure or the sublimation point of a 
pure solid. 

3. The determination of the purity of a liquid by noting the changing 
boiling point as vaporization takes place. 

4. The determination of the vapor pressure curves of pure substances. 

From the “submerged bulblet'' method, Smith and Menzies developed 

their “static isotenoscope”^ and their “dynamic isotenoscope’^^. Their static 
isotenoscopic method can be adapted to the determination of the vapor pres- 
sures of mixtures of liquids. Here again, however, we find the method rather 
difficult of manipulation. 

It has been our purpose to modify the very simple and rapid “submerged 
bulblet” method of Smith and Menzies for the determination of the vapor 
pressure curve of liquid mixtures. The method as worked out by Smith and 
Menzies cannot be so used because there is no provision for keeping the com- 
position of the surface of the liquid mixture the same as the body of the mix- 
ture. If the mixture could be thoroughly stirred, this method could very 
easily be used. We have used their modified apparatus in determining the 
vapor pressure curve for a series of mixtures of carbon tetrachloride and ethyl 
alcohol. 

' J. Am. Chem. Soc. 36 , 1803 (1914). 

* J. Am. Chem. Soc. 32 , 897, 907 (1910). 

* J. Am. Chem. Soc. 32 , 1412 (1910). 

* J. Am. Chem. Soc. 32 , 1448 (1910). 
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In Fig. I the shape of their bulblet was changed to the shape as seen at 
The tenth of a degree thermometer holding the bulblet was passed 
through a larger glass tube at “a’' and fastened to it by a piece of rubber tub- 
ing at ‘^b^^ The thermometer was tapped at ^^c^^ by a mechanical device 
which consisted of a sort of cam, ''d’', attached to the extended shaft of the 
stirrer of the thermostat, The 

thermometer was held back by a rubber 
band at ‘^f’’ and as the cam hit the 
thermometer, it rocked back and forth 
rapidly in its loose fitting in the glass 
tubing through the rubber stopper, 

The effect was to stir the liquids in the 
bulblet up violently from the bottom 
and maintain a constant composition 
throughout. The large neck of the 
bulblet allowed the splash to drain back 
into the bulblet. ^‘h” is connected with a 
large suction bottle and is connected 
to a mercury manometer for recording 
the pressure on the inside of the appa- 
ratus. With all the precautions and 
corrections suggested by Smith and 
Menzies, this method is possible of as 
great accuracy as they obtained for a 
single liquid. 

The ethyl alcohol was prepared by 
refluxing over lime. Density 20^/4® was 
0.789. Merck ('.P. carbon tetrachloride 
was allowed to stand over KOH for 12 
hours. It was then distilled and treated 
with P2O5 and again distilled with a 
Young fractionating column. Density 
20^/4*^ was 1.594. The mixtures were 
made up in % by volume. Accurate 
pipettes were used and the measuring 
was done in a constant temperature 
room at 20® C. 



The bulblets were filled by immersing^ the ends in the mixtures contained 
in small flasks. The air was pumped out of the bulblets and the liquid allowed 
to enter, filling the bulblets half full. The bulblet was fastened to the ther- 
mometer by means of rubber bands and the thermometer was fixed in its 
position in the apparatus. The suction was then applied and after the air in 
the bulblet had been displaced, a reading, if constant, was taken on the 
manometer. The vapor pressure was then calculated according to the method 
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of Smith and Menzies. Since we did not care to determine the vapor pressure 
to an accuracy greater than ^ i mm., we were able to eliminate some of the 
finer corrections which they pointed out. Duplicate and triplicate deter- 
minations were made. The method is very rapid and simple. The bulblets 
can all be filled at the start and some eight or ten points determined on the 
curve in less than two hours. The values which we obtained are as follows: 


% alcohol 
by volume 


o 

lo 

20 

30 

40 


vapor pressure of 
mixture at 20°C. 
mm. Hg. 

90 

111 

112 
no 


% alcohol 
by volume 


SO 

70 

80 

90 



vapor pressure of 
mixture at 20®C. 
mm. Hg. 

103 

87 

75 

60 

44 


%Co/^fi>os/r/oA/ 

Fig. 2 


The Second Method 

Determination of the Constant Evaporating Mixture by Use of the Abbe 

Refractometer 

The principle of this method is as follows: — 

A series of mixtures of two liquids is made up and the refractive indices of 
the mixtures are determined by use of the Abbe refractometer. The usual 
refractive index — composition curve as “y” in Fig. 2 is drawn. Then the 
prism is opened and a definite amount of one of the mixtures is placed inside 
and allowed to evaporate for a de&nite number of seconds. The prism is then 
closed and the refractive index of the residue is determined. The plotted 
values give the curve “z” in Fig. 2. 
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Where the two curves cross at we have a mixture which does not change 
in composition on evaporation. For an approximate determination of the 
composition of the constant evaporating mixture, the points 

can be determined. Then since the curves are nearly flat in 
this region, straight lines can be drawn connecting the points and the point 
of intersection can be very easily located. 

In our determination of the mixture for carbon tetrachloride and alcohol, 
the prism was kept at 20® by allowing water from a thermostat to circulate 
through. The refractive indices w’ere determined without evaporation with the 
prism closed and with a small stream of the mixture flowing through the side 
of the prism. This prevented evaporation and gave a constant value. The 
refractive indices with evaporation were determined by dropping four drops 
of the mixture on the prfem and allowing the mixture to remain exposed to 



% COtfPO^iTiON 

Fig. 3 


the air for 20 seconds before closing the prism. Several points on both curves 
were determined^ The points on either side of the constant evaporating mix- 
ture are as follows: — 

Refractive indices 

% alcohol by voluinc without evaporation with evaporation 

30 1.4290 1.4308 

TO 1.4515 1.4504 

The Third Method 

Determination of the Constant Evaporating Mixture by an Air Bubbling 

Method 

The principle of the third method is to pass a certain volume of air at a 
definite temperature and pressure through mixtures of the liquids and then 
determine the change in composition. If this change is plotted against the 
original composition as in Fig. 3, we arc able to locate the point “x” which 
gives us the composition of the mixture which does not change on evaporation. 
Thus it would be possible by determining the points “a”, “b”, and “c”, for 
instance to locate with some accuracy the constant evaporating mixture at 
“x”. 

The apparatus which we worked out for studying this method is without 
doubt much more elaborate than would be needed for an approximate deter- 
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mination. It was our purpose to attempt to control all variables at the start 
and then eliminate such parts of the apparatus as were unnecessary for an 
approximate determination. In Fig. 4: — 

is a large carboy with an automatic pressure regulator fastened at 
“a’\ ^^b^' is the intake from the laboratory supply of air. This gives a con- 
stant pressure air supply. 

regulates the flow of air through the apparatus. 

''C, 'T” and are stabilizer bottles, 

is a flow meter. 

The bottle “G” contains GaCU for drying as do drying cylinders ‘*H’’ and 

is an automatic regulated thermostat. 

'T” is the bubbler bottle which contains the liquids. 

‘'L'’ controls the pressure in the apparatus. 

“M” is a water manometer. 



Fjc. 4 


50 cc of the carbon tetrachloride — alcohol mixtures were placed in the 
bubbler in the thermostat set to run at 20®. The pressure regulator was 
set so that the sum of the barometric pressure and the pressure recorded on 
was always equal to 760 mm of Hg. Air was then passed through at a 
definite rate recorded at for a definite time taken with a stop watch. The 
change in composition was determined by taking the density of the mixture, 
using a chainomatic Westphal balance. The balance was used in the constant 
temperature room. The mixtures were first brought to temperature in a ther- 
mostat and the densities were immediately determined. The densities were 
checked from time to time by use of a pycnometer. Densities so determined 
for use in analysis are as follows : — 


% alcohol by volume of 

mixture 

O 1.594 

1. 513 

20 I. 433 

30 1.353 

40 1,273 

50 I . 192 


% alcohol by volume 

D4» of 
mixture. 

60 

I.113 

70 

1.032 

80 

0.949 

90 

0.871 

100 

0.789 



VAPORIZATION OF LIQUID MIXTURES 


1271 


Results are as follows: — 


Composition of mixture 


in % alcohol by volume 


lx‘fore 

after 

rlififorence 

TOO 

100 

0 

90 

93-4 

3-4 

80 

84^9 

4-9 

70 

75-7 

5.7 

60 

65.6 

5.6 

40 

43-9 

3-9 

30 

32.5 

2.5 

20 

20.6 

0.6 


Plotting these values as seen in Fig. 5, Curve III the constant evaporating 
mixture should be 17.4^^, alcohol by volume. Such a mixture was then made 



up and placed in the bubbler. After evaporating off about 1 7^0 of its weight 
the composition was still constant at 17.4%. 

Conclusion 

In Fig. 5 arc plotted the results of the determinations. On the abscissa is 
plotted the % composition by volume of alcohol for all three curves. For 
Curve I the ordinate is in refractive indices seen in column For Curve 
II the ordinate is vapor pressure seen in column For Curve III the 
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ordinate is in % change in composition seen in column “C”. It is quite ap- 
parent that the composition of the mixture corresponding: — 

I. to the intersection of the refractive indice curves 
a. to the intersection of the change of composition curve with the com- 
position axis 

3. with the one of maximum vapor pressure are all the same. 

We hope to be able to simplify the air bubbling apparatus so that a much 
more rapid method will be available for the approximate determination of 
the constant evaporating mixture. It is to be noted that this method is not 
an air saturation method. Equilibrium conditions need not necessarily be 
reached as the values measured are relative. 

The second method is limited in its application to those liquids which have 
a considerable difference in their refractive indices. If a physico-chemical 
method of analysis is used in the third method, the method is limited in its 
application to those liquids which have some property which is different 
enough for use in analysis. 


Summary 

t. We have modified the “submerged bulblet” method of Smith and 
Menzies for use in the rapid determination of vapor pressure of liquid mixtures. 

2. The vapor pressure curve for CCI4— CjHbOH at 20® is given. 

3. Densities at 20. degrees referred to water at 4 degrees of CCI4— CjHj 
OH mixtures are given. 

4. A very simple method for approximately locating the constant evap- 
orating mixture of two liquids by use of the Abbe refractometer is given. The 

mixture for carbon tetrachloride and alcohol has been determined. 

% 

5. An air bubbling method for determining the constant evaporating 
mixture of liquids is given and the mixture for carbon tetrachloride and alcohol 
has been determined by this method. 

WiUiamstown, Mass. 

July 1, im 



THE MOLAR WEIGHT OF SELENIUM DIOXIDE IN 
ETHYL ALCOHOL 

BY EDMUND BRYDGES RUDHALL PRIDEAUX AND GERALD GREEN 


The Molar Weights of Oxides in Solution 

There are few oxides of the non-metals, solid or liquid at ordinary temper- 
atures, which dissolve as such in solvents other than water without chemical 
action. 

The following may be quoted.^ 


Oxide 

Formula Weight 

M 

Solvent 

Molar Weitrhl observed 
M' 

NsO, 

92 

acetic acid 

90.3-94.6 

NsOe 

to8 

phosphoryl chloride 

108. 7 — 108.2 

P.O* 

220 

naphthalene 

218 

P.o. 

220 

benzene 

227 

AS40# 

394 

sulphuric acid 

288 — 455 

As40« 

396 

benzene 

associated 

CI2O7 

182 . 9 

phosphoryl chloride 

167-193 

SeO, 

127 

phosphoryl chloride 

135-136* 


From the foregoing figures, obtained by the ciyoscopic method, it appears 
that association, which is usual in the vapour state in the case of acid anhy- 
drides, exists also when the same compounds are in solution. 


Selenium Dioxide in Alcohol 

The case of selenium dioxide is particularly favourable, as being the oxide 
of a strongly electronegative element, which is readily soluble in alcohols 
(unlike tellurium dioxide) and does not, according to our experience, dehy- 
drate them appreciably (unlike sulphur trioxide). v. infra. 

Preparation of the Selenium Dioxide 

A sample of the element in the form of povrder, supplied by the courtesy 
of the Baltimore Copper Smelting Company, as arranged by Professor Victor 
Lenher of the University of Wisconsin, was oxidised by the different methods 
which are described in the literature. 

(i) The method of Divers and Haga*. The selenium is oxidised by con- 
centrated nitric acid, evaporated several times with more nitric acid and, 
after heating nearly to its subliming point, is resublimed in a current of dry 
oxygen. The product consists for the most part of very small, pinkish 
crystals. 


> See Turner’s “Molecular Association.” 

* Worsley and B|ike»*: J. Chem. Soc. 123 , 2872 (1923)- 

• J. Chem. Soc. 75 , 538 (i 899 )- 
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(2) By direct combination with oxygen. This gives products which vary 
according to the temperature of sublimation and other conditions from pink 
to red, and also greyish needles of a gritty nature. 

(3) By oxidation in presence of oxides of nitrogen according to the pro- 
cedure of J. Meyer^ A current of oxygen was passed through a wash-bottle 
containing nitrite and acid. The selenium burnt at first to give a chocolate 
or dirty grey product. This gradually became lighter and finally gave a 
mass of colourless crystals like snow. When this material was heated again 
in pure oxygen it lost its crystalline form and brownish fumes were observed. 
On sublimation it gave a gi'eenish vapour which condensed in slender needles. 
A part sublimed as the pink compound, but sufficient of the colourless was 
also obtained for use in the experiments. An analysis gave the following 
results. 

An analysis gave the following results: 

Se O2 0.4046 0.4561 0.2362 

Se 0.2886 0.3246 0.1693 

% Se 71.33 71.17 71.25 

Theory requires 71.22. 

The Preparation of Dry Alcohol 

Thorough dehydration of the alcohol was necessary, in order to ensure 
that no appreciable amount of selenious acid should be present, in the more 
dilute solutions. In the more concentrated the conversion of a small propor- 
tion into selenious acid would have little effect. The alcohol used in most of 
the experiments had been refluxed over lime for about 8 hours and allowed to 
stand in contact with aluminum amalgam according to the procedure of 
Wislicenus and Kauffman which, contrary to the opinion of Konowalow^, we 
found to be effective. The alcohol boiled at 78.35° under normal pressure. 
After treatment with calcium carbide, refluxing and redistillation, it boiled 
at 78.38°. When dry selenium dioxide is dissolved in alcohol which has been 
purified thus, it reddens litmus paper. We attribute this to a trace of 
moisture, which forms selenious acid. We have found that the most effective 
drying agent is selenious oxide itself. The dry oxide is dissolved in the sample 
which is then distilled through freshly ignited lime. When the oxide is dis- 
solved in this distillate it does not redden litmus. This alcohol, free from 
Se02, was used in some of the experiments. 

Determination of the Molar Weight. Experimental 

The type of Beckmann apparatus employed consisted of a double walled 
glass solvent vapour jacket and an inner boiling tube, into the bottom of 
which was sealed a stout platinum wire. Into the slanting side tube there 
passed a water cooled condenser. The selenium dioxide was introduced 
through a short vertical tube passing through the cork with the thermometer. 
The dry alcohol, prepared as already described, boiled at 78.39° under normal 

^ Ber. 55 , 2052 (1922). 

® Pharm. Z. Russ. 35 , 328. 
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pressure. About 25 c.c. was weighed into the corked tube and boiled for 
about an hour until the temperature remained suflficiently constant. The 
selenium dioxide, weighed in a glass tube was sent straight into the liquid 
by tapping. The side condenser was fitted with a drying tube. 

First series. The weight of the alcohol was 21.338 grams and from this 
0.20 grams has been deducted in making the calculations. The molecular 
weights have been calculated from a constant of 11.9 and the individual 
variations do not show any definite trend, except in the last three results, 
which refer to very concentrated solutions. The arithmetical mean of these 
molar weights is 122. 

Second series. The weight of alcohol was 23.508 — 0.2 grams, the baro- 
metric pressure was normal and practically constant. The molar weights 
again show no trend. The most concentrated solution is that at which the 
molar weight begins to decrease in the first scries. The arithmetical mean 
of these molar weights is 121. 


First 

Series 

Second Series 

Grams S0O2 

At 

Grams SeOz 

At 

in 100 alcohol 


in r(x> alcohol 


0.43 

0.043 



1. 31 

0. 12 



1.77 

0.162 

T .62 

0. 165 

2.925 

0.29 

2.85 

0.295 

371 

0,36 

4.39 

0.425 

4 - 8 s 

0.46 

6.02 

0 

00 

5-77 

0.54 

7.59 

0.735 

6.80 

0.612 

9.60 

0.98s 

9-30 

0.877 

32.15 

I - 19s 

11 . 1 

1 .048 

14.53 

1-385 

13-7 

T -395 

37. I 

1.63 

17*85 

t.77 

19.7 

1-915 

^ 9*05 

1.88 

22.0 

2.105 

23 . i 

2.23 

24-48 

2 335 

27*3 

2 .64 

27-27 

2 .6ot 

31.0 

2.995 

32.67 

3-04 

35*0 

3 -363 

37-9 

3-475 

38.0 

3-675 

44-25 

3 - 995 

41 .6 

3-929 

48.6 

4-515 

45-8 

4-249 

54-4 

5-097 

49 S 

4-731 



S 4 I 

5-312 



56.6 

5.876 



64.9 

6.444 



69.5 

7-054 
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Results of Molar Weight Determinations 

If the values of or loo/W — grams of Se02 to loo grams of alcohol are 
plotted against At — elevation of the boiling point the best line for each 
series is obtained graphically, the following values of W/At are deduced. 

First Series Second Series Dilute Solutions 

to W 8=25 

10.46 10.7 10.28 

The third value reproduces most accurately all the observations and we 
have taken w/At as 10.3. 

The constant molar elevation in alcohol (100 grams) is given in the most 
recent edition of Landolt and Bornfetein^s Tables as 12.0 (from substances ot 
known molar weight) and 11.9 (from thermal data). Since the former value 
represents an average, and may include an excess of positive or negative 
deviations, we have chosen the latter. 

Hence our observed molar weight is 122.6, as compared with a formula 
weight of 1 1 1.2. 


Possible Formation of Ethyl Selenite 

We have observed few signs of chemical action. There is a slight re- 
duction after prolonged boiling, shown by the formation of a small reddish 
deposit. There is no formation of bubbles of ethylene, nor is the solution 
acid when both materials are perfectly dry. The question whether there is 
any formation of mono-ethyl selenite by the reaction : 

SeOg-hCs H5 O H = Se 0 ( OH) O C2 H5- 
is somewhat more difficult to decide. This substance however would prob- 
ably react acid to litmus. 

Hinsberg^ claims to have prepared a solid of this composition by evapora- 
tion of an alcoholic solution in presence of calcium chloride. But the alcohol 
is very loosely combined, it is lost when the substance is kept in a vacuous 
desiccator and is difficult to distinguish from alcohol of crystallisation. The 
molar weight in the more dilute solutions would not be affected by the for- 
mation of this compound, and if it were progressively formed in the more 
concentrated solutions, there would be a very decided fall; the molar weight 
corrected for solvent thus abstracted would be over 160. Although perhaps 
the lowness of the values in the case of the three most concentrated solutions 
may perhaps be attributed to a slight degree of combination with the solvent, 
yet the constancy of the remaining results seems to render it unlikely that 
this effect is important. If this solvation is ruled out, the results show a 
constant degree of polymerisation of the selenium dioxide over a wide range 
of concentration, quite similar to that observed in the case of boric acid* 
dissolved in water. The extrapolation of these results to high dilution led 


' Ann. 259 , 40 (1890). 

* Beckmann: Z. physik. (^hem. 6, 460 (1890). 
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to molar weight of 67.2 instead of 62 for HgBOs. It was considered that they 
showed a normal molar weight, and the apparent association was attributed 
to the volatility of the solute. 

No correction however was introduced. In the present case we have 
obtained some additional data with a view to supplying this correction. It 
is derived from a consideration of the vapour pressures of the pure solvent, 
the solution, and the partial pressures of solvent and solute. Using the 
symbols and equations as given in Troblems in Physical Chemistry 

At (observed) = ^ 

This may be transformed into — 

lOOW 

m=Atm /AtX X (i— rv/r^); in which capital letters refer to 
vV 

the solvent, and ry are the weight ratios of solute to solvent in the vapour, 
which must he found by analysis.^ 

The first series of distillations was carried out in the Walker-Landsberger 
boiling point apparatus. After some practice it was found possible to keep 
the volume of the liquid in the graduated tube constant by regulating the 
heating of the flask which supplied the alcohol vapour, and of the water bath 
which surrounded the outer jacket. A scries in which the tube leading away 
the vapours projected a short distance outside the heated area before sloping 
downwards, showed very distinctly the effect of refluxing, the values of 
ry/rj, being only 1/5 to i/io of those in the other experiments. In the 
second series the whole still-head was enclosed in a steam jacket, the solution 
being heated by the vapours of boiling alcohol as before. The solutions at 
the beginning and the end of the distillation, and the distillates were analysed, 
and their densities were determined. 

The total weight of SeOa found in residue and distillate, 16.10 grams agreed 
well with the amount taken, 16.13 grams, and the agreement was also good 
in the other experiments. 

Composition of solution at beginning is 90.5 SeOo in 100 alcohol 
“ mean 86.5 “ “ 

The other experiments were checked in a similar manner. 

An upper limit to the values of ry may be obtained from the vapour pres- 
sures® of pure Se02. In the most concentrated solutions w = 87, p = 15 ni.m, 
P‘-p« 73 S rv«o.o204, r^^ =0.359, i — rv/rj, = 0.943 and m = 115.9. But 
at lower concentrations the partial pressure of selenium dioxide in the vapour 

* In the determination of tv / ti . the point at issue is assumed f.e. that the solute has a 
normal molar weight in the dissolved slate. In cases of only slight association, this gives 
a first approximation, which is well within the limits of experimental error in the piesent 
case. 

* Jannek and Meyer: Z. anorg. Chem. 83 , 51 (1913)- 
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is far lower than that of the vapour in equilibrium with the solid; for at 


m==io4 & at 

w«=i2, m= 

79.5, follow from the above calculation. 

Solution 

SeOi in 100 

Distillate 
SeO* in loo 

Ty/Tl 

I-ry/fL 

in(coiT8cted) 


First Series 



61.9 

2-93 

0.047s 

0.9525 

116.7 

310S 

1.77 

0.057 

0.943 

US . 9 

11.9 

0.509 

0 . 0426 

0.9574 

117.2 


Second Series 



86.5 

2.90 

0.0335 

0.9665 

118.8 

45-7 

2.72 

0.0595 

0.94s 

115.8 

IS- 3 S 

I-I 5 

0.075 

0.92s 

113.6 


Third Series 



77.1 

1.02 

0.0132s 

0.987 

121 

29.0 

0.73 

0.0251 

0-975 

119. S 

8.91 

0 - 2 S 5 

0.0286 

0.971 

119.2 


These results on the whole show a diminution in molar weight with diminu- 
tion in concentration. If equal weights are assigned to each, the mean of 
the expressions i— rv/r^ is 0.958, giving a corrected molar weight of 117.5. 
This corresponds to an association of 10% (double molecules). It will only 
be possible however to determine by this method the precise amount of the 
correction by the use of a more perfect distillation apparatus and larger 
quantities of solution than were available. 

Summary and Conclusions 

The molar weight of pure selenium dioxide dissolved in dry alcohol has 
been determined by the elevation of the boiling point. The means of two 
series agree well with one another, and the most probable molar weight from 
all results is 122.6, when the constant is taken at 11.9. There is no trend 
in the molar weights up to a concentration of 55 grams in 100. The relations 
between the amounts of the dioxide in solution and vapour has been deter- 
mined; the mean correction based on these reduces the molar weight to 1 17.5. 

University College, Nottingham 

May, 19S4 



PERMEABILITY OF MEMBRANES* 


BY WILDEK D. BANCROFT AND CHARLES GITRCHOT 

We call a membrane semipermeable when it lets one constituent of a 
solution pass through — ^usually water — and does not permit diffusion of the 
other constituent or of one or more of the other constituents. It has usually 
been assumed tacitly that the membrane remained semipermeable unless it 
was ruptured mechanically. There is already a good deal of evidence to 
show that this simple view is not adequate. 

Barlow'*^ has shown that alcohol makes a copper fcrrocyanide membrane 
permeable to sugar though he attempts no explanation of the phenomenon. 
In fact he apparently did not test for the sugar but merely noted the decrease 
of osmotic pressure when the cell containing a sugar solution was placed in 
aqueous alcohol. ‘^Experiments were performed with varying strengths of 
solutions, going up from fifteen percent alcohol by steps of five percent to 
seventy percent. Strengths below and above these limits were also used, all 
with the same result. This gradual increase in the strength of the solution 
was thought to be advisable, because it seemed not unlikely that when the 
alcohol was in great excess the sign of the osmotic current might change. In 
other words, the alcohol might become the solvent and the water the solute. 
This, however, was not found even when the water was present in very small 
quantity indeed.” 

Since sugar is insoluble in alcohol, it is clear that the alcohol cannot make 
the copper ferrocyanide membrane pcTineable to sugar by increasing the 
solubility of the sugar in the membrane. There must therefore have been 
a fundamental change in the membrane. 

Another unexplained phenomenon is one studied by Czapek®, a number 
of years ago. He found that there was an exosmosis with an accompanying 
transfer of tannin from cells of Echeveria when these were placed in aqueous 
solutions of different alcohols. The critical concentrations at which exosmo- 
sis took place varied at 15^—19® from fifteen volume percent with methyl 
alcohol to lo-ii percent with ethyl alcohol, 4-5 percent with isopropyl and 
normal propyl alcohols, 1-2 percent with isobutyl and normal butyl alcohols, 
and 0.5 percent with amyl alcohol. These are, however, the concentrations 
at which the surface tension of water has been lowered to 68-69 percent of 
its normal value. It is therefore sometimes stated that permeability occurs 
when the surface tension of the water has been reduced to about two-thirds 
of its normal value. This is going beyond the facts as now known, because 
allyl alcohol and tertiary butyl alcohol become effective at different surface 
tensions. ** 

* Preliminary paper presented before Section B of (he British Association for the Ad- 
vancement of Science at the Toronto meeting. 

•Phil. Mag. (6) 10, i; 11, 595 {19^6). 

• Ber. deutsch. hot. Ges. 28, 159 (1910)- 
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Czapek considers that the behavior of these last two alcohols may be due 
to some secondary toxic action. ‘'A good example of such secondary toxic 
actions occurs with acetic acid which causes permeability before the critical 
concentration [with reference to surface tension] has been reached because 
of the toxic action due to its being an acid. For the theory of narcotics it 
is especially important to establish that a large number of these substances 
become toxic when a surface tension is reached characteristic for each organ- 
ism. Among these substances are to be classed the saturated alcohols with 
normal carbon chain; and also acetone and ethyl, acetate. Among the esters 
there are a number, notably methyl acetate and ethyl formate which are 
characterized by special toxic action, 

*ln the typical alcohol action we are certainly dealing chiefly with a 
diffusion phenomenon. The tannin can only l)egin to diffuse outward when 
its solubility in the plasma film and in the external medium is somewhat 
greater than in the cell solution^ If this becoming soluble coincides with 
changes in the surface tension of all three media (outer liquid, plasma film, 
and liquid inside the cell), one seems justified in assuming that at the critical 
concentration [at which exosmosis begins] the surface tensions of the plasma 
film and the outside solution have become equal. 

*Tf the plasma film were a chemically and physically homogeneous sub- 
stance, our method would give us a means of determining the surface tension 
of the plasma film. It is not possible, however, to simplify to such an extent 
the factors governing diffusion in the cell. From what we know, the plasma 
film is a complicated, heterogeneous, colloidal film, in which, as Overton has 
shown so convincingly, lipoid-soluble substances play an important part. 
The increased permeability of the plasma film to the substances in the cell 
solution with lowered surface tension of the outer liquid may well be due to 
changes in the plasma film colloids at the surfaces in question. Perhaps 
somebody will later formulate this problem more exactly.’* 

If Czapek had known that tannin is only in colloidal solution, he would 
probably have been able to take the next step himself. It does not seem to 
have occurred to him, however, to make any experiments to determine 
whether there had or had not been any permanent change in the membrane. 

Walden^ showed that tenth-normal solutions of formic, acetic, propionic, 
butyric, isobutyric, valerianic, cyanacctic, halogen-substituted acetic, gly- 
collic, glyoxalic, methyglycollic, ethylglycollic, glyceric, alpha-oxybutyric, 
beta-oxybutyric, meta-oxybenzoic, para-oxybenzoic, diglycollic, quinic, 
tartaric, citric, mandelic, alpha-nitrophthalic, mellitic, tetra-carbonic, dime- 
thylmalonic, quinolinic, acrylic, and caproic acids passed through the copper 
ferrocyanide membrane while the sodium salts of most of these acids did not. 
This is a very strange thing, because there is no apparent reason why organic 
acids should be soluble in copper ferrocyanide. As Walden was working 
empirically with no theory to guide him, it did not occur to him to test whether 

* [There seems to be no justification for this statement.] 

*Z. physik. Chem. 10, 705 (1892). 
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the organic acids had, by any chance, caused any permanent change in the 
membrane. 

Czapek* found that his plant cells (Echeveria) gave the exosmose reaction 
with concentrations of hydrochloric, sulphuric, nitric, phosphoric, oxalic, 
acetic, malic, tartaric, citric, lactic, fumaric, and salicylic acids at concen- 
trations exceeding N/<^ioo. It seems very improbable that a reaction m- 
volving hydrogen ion should occur at equimolecular concentrations of these 
acids and there is either a large experimental error or else some factor has 
been overlooked. 

When we consider the permeability of the living cell, we find that no 
simple theory of permeability is adequate and that it is apparently necessary 
to postulate that a given celF membrane is both permeable and impermeable 
for the same substance. A lipoid film will account for a great many of the 
phenomena; but it would not let water through, so we have to postulate an 
action due to lecithin. A great many of the acid dyes are insoluble in lipoids 
but penetrate certain cells readily. Worse than that, one finds that among 
the substances for which the cells are normally impermeable are grape sugar, 
fruit sugar, cane sugar and other carlKihydrates, the amino-acids and the 
acid amides, and many other substances which arc foodstuffs for the cells 
and which are brought into the cells from the outside. Hober says, rather 
despairingly, that *‘what the cell can use, it shuts out, and what it cannot 
use, it lets in.’^ 

This diflficulty disappears completely if we assume that the permeability 
of the cell membrane depends on the surrounding medium and that relatively 
slight changes in the latter may make the cell membrane permeable or im- 
permeable to a given substance. There is nothing especially new about this 
hypothesis. Years ago, Hober® suggested that the cell might be impermeable 
while at rest and permeable when active. The same point of view is ap- 
parently held by R. S. Lillie^ and by Rayliss®. *Tt is a matter of great 
difficulty to suggest any probable structure for the membrane. Owing to 
its mode of production, it is no doubt of a very complex chemical nature. It 
appears to be in all states of the cell permeable to all substances soluble both 
in water and in oil or organic liquid, such as urea, some ammonium salts, 
alcohol, chloroform, carbon dioxide, oxygen, etc., as Meyer and Overton 
pointed out. In the resting state of the cell, the membrane is impermeable 
to salts, other than certain salts of ammonium, to glucose and to amino- 
acids, while in a state of activity it becomes permeable to all these. 

The difficulty with this is that it is vague® and that there is no independent 
proof of the hypothesis as yet. If we consider a copper ferrocyanide mem- 
brane as a colloidal film — which is what it is — it is evident that anything 

* Ber. deutsch. bot. Ges. 28, 161 (1910). 

*H6ber: ^Thysikalische Chemie dor Zello imd Gowolw/’ 476-544 (1922). 

* ^Thysikalische Chemie der Zelle und Gewebe,” 263 (1911). 

^ * 'Protoplasmic Action and Nervous Action,'^ 347, 356 {1923). 

* "Interfacial Forces and Phenomena in Physiology,'* 134 (1922). 

* Lillie: "Protoplasmic Action and Nervous Action," 337 (1923^ 
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which will coagulate the film will make it permeable. It seemed probable 
therefore that Barlow^s experiments with sugar and alcohol could be explained 
on the assumption that alcohol coagulated the membrane. This was a point 
which could easily be tested experimentally. 

Copper ferrocyanide membranes were made by a modification of Col- 
lander’s method. Glass tubes were used, 3 cm in diameter and 10 cm long. 
One end was ground on each tube and covered with a layer of cheesecloth 
to serve as a support for the membrane. This end was dipped into a warm, 
ten percent, solution of gelatine freed from air bubbles by filtering through 
sand. The gelatine was allowed to dry on the cheesecloth, the tube being 
held downward after removing the excess of gelatine. It is immaterial if 
a few air bubbles persist in the gelatine film at this stage. When the gelatine 
film was dry, 2cc of the same gelatine solution, freed from air bubbles, were 
introduced inside the tube on top of the first gelatine layer. It is important 
that there are no bubbles in this layer. This upper layer was allowed to set 
to a stiff jelly but not to become bone dry and was hardened for twentj^-four 
hours in a two percent solution of formeldehyde. The gelatine film was 
washed free of formaldehyde in several changes of distilled water, the tubes 
l>eing allowed to stand for about two hours in each change of water. The 
tubes were then suspended in tumblers or beakers by means of large corks 
bored to fit the glass tubes. A fresh solution containing 0.02 inols potassium 
ferrocyanide was placed outside the membrane and a solution containing 
0.02 mols copper sulphate was put inside the tube. In about half an hour, 
copper ferrocyanide began to form on the inner surface as a uniform, brown 
membrane. The reaction was allowed to run for twenty-four hours. Each 
membrane was tested by putting a one percent solution of cane sugar inside 
the tube and distilled water outside. The membrane was considered satis- 
factory if there was no test for sugar in the outside water after sixteen hours. 

When a sugar solution was put on one side of the membrane and a dilute 
methyl alcohol solution on the other side, sugar passed through the membrane, 
thus confirming Barlow’s results. Since the question of permeability majy 
be to some extent dependent on the time factor, tests for the presence or 
absence of sugar were always made at the end of about sixteen hours. To 
show that a permanent change in the membrane had taken place, the mem- 
brane was exposed to aqueous methyl alcohol solutions and the membrane 
was washed with water. It was then found to be permeable to sugar in the 
absence of alcohol, showing that coagulation had taken place. 

Less than two percent of methyl alcohol are sufficient to make the copper 
ferrocyanide membrane permeable to sugar. With the higher alcohols the 
necessary concentrations were much lower; but we are not prepared aa yet 
to say to what extent the critical concentrations correspond to equal surface 
tensions. The results are in qualitative agreement, however, with those of 
Czapek and we feel certain that the permeability which he obtained with 
Echeveria was due to coagulation of the cell membrane. 

A corollary from this is that methyl alcohol must coagulate a copper 
ferrocyanide sol and this proved to be true. The precipitation of the sol 
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ia a much less sensitive test than the one for the permeability of the membrane 
and it takes approximately forty percent methyl alcohol to coagulate a copper 
ferrocyanide sol under the conditions which we employed. Experimental 
details will be given in a later paper by Mr. Gurchot. 

Similar experiments were also made with copper ferrocyanide membranes 
and solutions.of acetic acid so as to confirm Walden’s results. When solu- 
tions of acetic acid stronger than 0.5 percent have been in contact with a 
copper ferrocyanide membrane, the membrane is no longer impermeable to 
sugar and has therefore coagulated. In line with this is the fact that acids 
precipitate a copper ferrocyanide sol and alkalies peptize it. It is possible 
that the permeability of cell membranes after death is due to the increased 
acidity of the system. 

A few experiments were made to regenerate the membrane by ch a ngi n g 
from an acid solution to an alkaline one; but no satisfactory results have 
been obtained. This is not essential because the materials which form the 
membrane in a plant cell or an animal cell are probably being supplied con- 
tinually. A more interesting line of attack will be to repeat the preceding 
experiments with a little copper salt on one side of the membrane and a 
little ferrocyanide on the other side. Experiments of this sort will be started 
at once. 

The general results of this preliminarj' pajwr are as follows: 

1. Copper ferrocyanide membranes are coagulated by low concentrations 
of methyl alcohol and of acetic acid, thereby becoming permeable to sugar. 

2. Barlow’s experiments with alcohol, Walden’s experiments with acids, 
and Czapek’s experiments with alcohols and acids involved nothing more 
mysterious than a coagulation of the membrane. 

3. Alcohols and acids coagulate a copper ferrocyanide sol while alkalies 
peptize a copper ferrocyanide gel. 

Cornell VniversHy. 



THE RELATION BETWEEN THE DEPOLARIZATION OF THE 
SCATTERED LIGHT AND THE KERR EFFECT IN LIQUIDS 

BY W. H. MARTIN 

The Depolarization Factor and the '^Shape’’ of the Molecule 

The theory of the scattering of lights by particles of dimensions small 
compared to the wave-length of light indicates that the light scattered at 
right angles to the direction of the exciting beam will be completely polarized 
only if the scattering particles be of spherical optical symmetry (optically 
isotropic). 

Experiment has shown that the light scattered by dust-free gases^ and 
liquids® is not completely polarized. Rayleigh^, J. J. Thomson®, King®, 
Gans^ and others have related the state of polarization® of the scattered light 
to certain parameters of the molecule expressing the ^^shape” of the molecule. 
For simplicity the molecules have been chosen as ellipsoids so that three 
parameters will suffice. 

The Electrical Double-Refraction and the ^^Shape” of the Molecule 

When a gas^or liquid’® is placed in an electric or magnetic” field the material 
becomes doubly refracting. The theory which has successfully explained 
this property rests also on the hypothesis that the molecules are optically 
anisotropic and that these molecules tend to become oriented in certain 
directions by the imposed electric or magnetic fields. Langevin” and Gans’® 
have developed this theory in a way to bring it into good agreement with all 
the known facts of electric and magnetic double-refraction. Their theory 
involves the same parameters of the molecule as are used in the theory of 
scattering, and makes it evident at once that fluids which have a high Kerr 
Constant should also have a large Depolarization Factor. 

' Lord Rayleigh: Phil. Mag., 47 , 375 (1890). 

2 Cabaimcs: Ann. Fhys., 15 , 5 (1921); Lord Rayleigh: Proc. Roy. 8oe., 94 A, 453 (1918). 

3 Martin and Lehrman: J. Phys. Chem., 26 , 73 (1922); Raman: Proc. Roy. Soc., 
101 A, 64 (1922). 

^Phil. Mag., 35 , 373 (1918). 

® Phil. Mag., 40 , 393 (1920). 

«Proc. Roy. Roc., 104 A, 333 (1923). 

^ Ann. Physik, 65 , 97 (1921). 

® Throughout this paper we shall define the Depolarization Factor of the scattered 
light as the ratio between the intensities resulting from the component vibration in the 
plane containing the exciting and the scattered rays and the com|K»nent vibration at right 
angles to this plane ; the scattered light being observed in a direction at right angles to the 
direction of the exciting beam supposed parallel and unpolarized. 

•Leiser: Verb. deutsch. physik Ges., 13,903 (1911); Lyon: Ann. Physik, 46,753(1915). 

»®KeiT: Phil. Mag., 37 , 380 (1894), etc. 

CJotton and Mouton: Ann. Chim. Phys., 20, 194 (1910), etc. 

I^e Radium, 7 , 249 (1910). 

** Ann* Physik, 64 , 481 (1921). 
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The Relation between the Kerr Effect and the Depolarization Factor 

Richard Gans has correlated the theories of light-scattering and of electri- 
cal double-refraction for gases' and more recently for liquids^, so as to elimi- 
nate the parameters of the molecule and give equations which involve only 
quantities which are capable of direct measurement. Gans^ final result for 
liquids is: 

^ lP(v^—iy{p^+2y^+S67rp\B (i) 

where: 

p is the Depolarization F actor as defined above. 
p is the refractive index of the liquid for light of wave-length X. 

P2 — P1 

B is the Kerr Constant = , where p^bhApi are the refractive indices 

for vibrations parallel and perpendicular respectively to the imposed electric 
field of strength E. 

jS is the isothermal compressibility of the liquid. 

(€—1) (€+2) 

f ~ rTT”. — ; » where t is the dielectric constant. 

Gans has submitted his formula to experimental test for two liquids and 
has shown that for these cases the above equation holds very well indeed. 
It is the purpose of the present paper to test the relation further for a number 
of liquids for which p has been measured in this laboratory. 

Measurements of the Depolarization Factor of the Scattered Light 

The values of p are for the most part taken from a former papers Nitro- 
benzene and chloroform have been recently measured by observing the scat- 
tered light through a double-image Wollaston prism and equalizing the in- 
tensities of the images by rotating a Nicol prism (see J. Phys. Chem., 27 , 
pages 559-560 (1923)). The liquids as before were contained in Pyrex crosses 
and were rendered dust-free by the method of distillation in vacuum. 

Nitrobenzene was chosen because its Kerr Constant is large and has been 
measured carefully by a number of observers. It was first purified by two 
recrystallizations. It could be readily distilled with the hot bulb of the dis- 
tilling apparatus (see Fig. i, J. Phys. Chem., 26 , 75 (1922)), at 75® although 
the liquid boils at 210®. 

The depolarization factor for chloroform had been measured by Raman* 
but the measurement was repeated since the calculated and observed values 
of p for this liquid are in such very poor agreement. The liquid was freed 
of alcohol by shaking out with water and drying by distillation over potassium 
carbonate. It distilled at a v^ry constant temperature (61.3®). It gave 
negative tests for hydrogen chloride, chlorine and phosgene and with sulphuric 

‘ Ann. Physik, 65 , 97 (1921). 

Physik, 17 , 353 (1923). 

• J. Phys. Chem., 26 , 75 (1922). 

* Nature, 110, ii (1922). 
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acid and a little formaldehyde gave only the faintest trace of yellow. This 
purified chloroform gave a value of p = o. 1 50, in good agreement with Raman's 
value o.iss, so that it seems certain that the poor agreement between the 
observed and calculated values cannot be attributed to impurities in the 
chloroform nor to any error in making the measurement. 


Table I 



All at 2( ® C. 



p(\^liite light) 
Observed. 

Liquid 

B X k’ 

X — 581 mm(*) 

fix 1 * 
(per atmos- 
phere)! 

r 

p 

calculated 

Benzene 

o.S9s(McComb)^ 

91 

1.03 

0.44 

0.48s 

Toluene 

Xylene 

0.78 (Lippmann)* 

91 

I-I 5 

•50 

•SO 

(commercial) 

Chloroben- 

0,80 (Lippmann) 

80 

1 . 16 

•so 

•S2 

zene 

Nitroben- 

9 . 8 (McComb) 

75 

22.3 

•39 

.48 

zene 

256. (MeComb) 

47-5 

208. 

.66 

.68 

Pentane 

0 . o76(Bergholm)* 

242 

1 .04 

.090 

,072 

Hexane 

o.o85(BerghoIm) 

159 

1 .00 

•13 

. 10 

Chloroform 
Carbon tet- 

—3.41 (McComb) 

100 

6.71 

.46 

•IS 

ra-cbloride 

0.073 (Lippmann) 

^04.5 

I 13 

.09 

. 1 1 Raman:}: 

Methyl ale. 

I. II (Schmidt)* 

122 

350. 

.Oil 

.071 

n-Propyl ale. 

—3.64 (Bergholm) 

100 

143 - 

.066 

.085 

Isobutyl ale. 

—4.10 (Schmidt) 

100 

III . 

.087 

.085 

Ether 

Carbon bisul- 

—0.80 (Schmidt) 

183 

6.66 

.18 

. ro 

phide 

3.17 (McComb) 

93-2 

0.975 

.65 

.70 

(.086 (Martin) 

Water 

3 . 7 (Schmidt) 

49 - 

2262 . 

.013 

^.12 (Raman) 
I.J2 (Gan8)§ 


*B varies considerably with X, but the function itj'XB in equation (i) varies only 
slightly with X, so that the calculated value of p varies only slightly with X. See later 
paragraph on the dispersion of p. 

fThe unit must be changed from ^^atmosphere^' to *^dyne per cm*'* for use in equa- 
tion (i). 

1 Phys. Pev., 29 , 535 (1909). 

* Z, Elektrochcmie, 17 , 15 (1911). 

*Ann. Ihysik. 54 . 51 1 (1918). 

* Ann. Fhysik, 7 , 142 (19^ 2). 

t Hainan and Pao: Phil. Mag., 45 , 625 (1923). 

Jproffssor Hainan has intimated in conversation that the higher values of p obtained 
by Cans and himself are due to a slight fluoresccneo w^hich he finds present even in the most 
carefully distilled water and which is excited by the longer ultraviolet rays. This fluores- 
cence was not a disturbing factor in the author’s result since the source of light was a carbon 
arc or a Pointolite lamp, either of which gives a light which is much yellower than the sun- 
light used by both Hainan and (Ians. 

When tne light which excited tliis fluorescence is screened out Haman finds a value of 
pfor water of approximately 0.09. 
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The sources of the Kerr Constants used in the calculations are indicated 
in th6 table. McComb's absolute values are used where possible. Berg- 
holm’s relative values are converted to absolute values by equating his and 
McComb’s values for benzene. The values of the Kerr Constants cannot be 
taken as very exact since the values found by various investigators differ in 
some cases by as much as 50 percent. Certainly p is known with greater 
accuracy than B. 

The other physical constants used in the calculations are taken from 
Landolt-Bornstein tables (1923 edition). 

Considering the uncertainty in the value of the Kerr constants for many 
of the liquids, the agreement between the values of the depolarization factors 
calculated from equation (i) and the observed values may be considered as 
satisfactory for all liquids except chloroform, methyl alcohol, and water. 
The Kerr constants for methyl alcohol and water have been measured ap- 
parently only by Schmidt, but for chloroform measurements have been made 
by McComb, Lippmann and Schmidt and their results are in fairly good 
agreement, so that the formula seems here to present a real difficulty. 

Cans places a limitation on his formula . Our conclusions hold 

only for fluids whose molecules have no permanent electric moment in the 
Debye sense.” T his does not, however, appear to be a satisfactory way out 
of the difficulty unless water, methyl alcohol and chloroform have other 
properties which would difTerentiate them from the majority of liquids. The 
formula holds so remarkably well, that special interest attaches to these cases 
for which it conspicuously does not hold. 


The Dispersions of the Kerr Constant and the Depolarization Factor 

It has been established that for all liquids which have been examined* 
the dispersion of the Kerr constant is well given by the Havelock formula®. 


B\v 


Writing equation (i) in the form 


= a constant. 


487ri'XB 
(f®— i)® 


s67rFXB 

it follows that the dispersion of p is given by the relation 

^ k 

>^+2 , 7 , 

(€+2).l— + ik 


(2) 


* McComb: Phys. Rev., 29 , 525 (1909); Cotton and Mouton; Ann. Chim. Phys., 19 , 
i!53 (1910); 20, 194 (1910). 

• Proc. Roy. 800., 80 A, 28 (1907). 
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To test formula (2) a few preliminary measurements on the value of the 
depolarization factors of nitrobenzene for the blue, green and yellow mercury 
lines have been made. The source of light used was a quartz-mercury 
'^Labarc'' lamp and the lines were isolated by Wratten mercury monochro- 
matic light-filters. The scattered light was photographed through a Wol- 
laston and a Nicol prism, after making a preliminary setting of the Nicol 
visually. Three pictures, one for each of the three lines, were made on the 
same Wratten Panchromatic plate. 

A great difficulty is the length of exposure necessary when monochromatic 
light is used. Using a Pointolite lamp as the source an image of suitable 
density may be obtained in ten minutes exposure, but with the mercury lamp 
and Wratten filters several hours exposure are necessary. Only six successful 
exposures have been made, two for each of the mercury lines. The results 
of the photometry of the images appear in Table 2 along with the values of p 
calculated from equation (2). 


Table II 

p for nitrobenzene p 

> Calculated from (2). Observed. 

43 59 A 0.662 0.684 

5461 0.655 0.679 

5780 0.654 0.684 


The only conclusion to be drawn is that, within the experimental error, 
the values of p for the three mercury lines are the same. The results are at 
least not in disagreement with the theory since the change in p predicted by 
equation (2) is too slight to be observed in these experiments. The use of 
ultraviolet light suggests itself as a means of obtaining an observable disper- 
sion but almost all these liquids which scatter light to any appreciable extent 
fluoresce in the ultraviolet. To differentiate between fluorescence and scat- 
tering would require spectroscopic methods, and this would again greatly 
increase the length of exposure required. 


Does a Magnetic Field affect the Depolarization Factor? 

If the hypothesis of anisotropic molecules be advanced to explain the two 
phenomena of electric double-refraction and of imperfect polarization of the 
scattered light, then it foDows that an imposed electric or magnetic field, 
since it tends to orient the molecules, should cause a change in the depolariza- 
tion factor of the scattered light. 

To estimate approximately the magnitude of the effect to be expected 
we may follow the reasoning of Cotton and Mouton^ With the strongest 
obtainable magnetic fields they found that the difference of refractive indices 


* Ann. Chim. Phys., 19, 183 (1910). 
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for the two components of the doubly-refracted ray was only 1/ 10000 of 
the difference between the two rays as given by a crystal. If we assume 
the molecules in the crystal to be oriented in some perfectly regular fashion, 
then we may say that the orienting effect of the magnetic field on the liquid 
is only such as to disturb very slightly the normal random orientation of the 
molecules in the liquid. It seems then that theory would anticipate no 
measurable change in p in any obtainable magnetic or electric field. 

The argument summarized above seemed however not sufficiently con- 
vincing to discourage experimental test and some measurements have been 
made of the depolarization factor of nitrobenzene in a magnetic field. A 
magnetic field was preferred because of the danger of decomposition of the 
liquid in an electric field. Nitrobenzene was again chosen because of its 
relatively large magnetic double-refraction and also because it scatters so 
much light as to make the measurement of p comparatively easy. 

A large electromagnet was borrowed C 

from the Physics Department. The poles 
of this magnet, shown in section in the 
figure, already had holes bored through 
their centers to enclose a small niercur>" 
lamp for demonstrating the Zeeman 
effect. New nose-pieces were made for 
the poles which exactly fitted the arms 
(diameter 1.5 cm.) of the glass cross 
containing the dust-free nitrobenzene. 

The field coils of the magnet would carrj’^ about 12 amps, and at this 
current the magnetic field at O with the cross removed was 5000 Gauss. 

The exciting light from a Pointolite lamp could enter through either AB 
or CD and the scattered light could be observed through the other arms. 
The values of the depolarization factor were measured visually as described 
above. 

Alternate readings taken with the magnetic field on and off failed to dis- 
cover any effect whatever of the magnetic field on the value of the depolari- 
zation factor. This was true whether the exciting light was parallel to or 
perpendicular to the magnetic field. It seems safe to say that within 2 
percent value of p for nitrobenzene is not affected by a field of 5000 Gauss. 

The author wishes to express his thanks to Professor J. C. McLennan 
for the use of the electromagnet, and to Mr. H. J. C. Ireton, who made the 
measurements of the field strength. 

Summary 

Richard Cans' theory of the relation between the Depolarization Factor 
of the scattered light and the Kerr Constant of electric double-refraction is 
submitted to experimental test for fifteen liquids. 
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The values of the Depolarization Factors calculated from theory agree 
well with those measured in this laboratory in almost all cases. For chloro- 
form, water and methyl alcohol however the disagreement between theory 
and experiment is very striking. 

Theory suggests that the Depolarization Factor must be affected by a 
magnetic or electric field, though the magnitude of the change anticipated 
by the theory appears to be quite small. Measurements of the Depolariza- 
tion Factor for nitrobenzene made in a magnetic field of 5000 Gauss failed 
to discover any change in the degree of polarization of the scattered light. 

Chemical Laboratory^ 

University of Toronto^ 

JunCy iOBi, 



THE INTERFACIAL TENSION OF SOME AQUEOUS SOLUTIONS 
AGAINST OILS, AS CORRECTED FOR SPECIFIC GRAVITY 

BT K. L. HOWARD AND TORALD SOLLMANN 

I. Introduction 

During the investigation of certain phenomena of emulsification it became 
necessary to determine the influence of a series of substances of biologic 
interest on the surface or interfacial tension between water and oils. This 
was done in the customary manner by counting the number of drops that are 
delivered when a given volume of oil is allowed to flow upward through an 
aqueous solution; employing the special pipette described by Donnan.' 
Anything which lowers the interfacial tension between oil and water hastens 
the formation and detachment of drops at the tip of the pipette; so that the 
drops are the smaller, and the drop-number is the greater, the lower the in- 
terfacial tension. Conversely, increase of the interfacial tension is indicated 
by decrease of the drop-number. 

The interfacial tension between an aqueous solution and an oil would 

therefor vary with the factor = . In this the inter- 

drop number in oil 

terfacial tension of water against the same oil is taken as unity. 

This simple formula, however, requires a correction for specific gravity; 
for it is self-evident that an oil drop will detach itself the more readily, and 
therefor be the smaller, the greater is the difference in specific gravity between 
the oil and the solution. The influence of this factor is relatively insignifi- 
cant for substances which produce large changes in interfacial tension ; such 
as soaps or alcohol; but with salts, sugar etc., the influence of specific gravity 
is vastly greater than the effect on true interfacial tension. In their case, 
the simple formula would lead to quite erroneous conclusions. The need of 
this correction is perhaps not generally appreciated although it ha*^ been 
used by Harkins^ and also by Lewis®. Specific gravity is always taken into 
account in the determination of **surf ace-tension/^ i.e., the interfacial tension 
between a liquid and air. There the formula readsL* 

Surface tension of solution = 

Specific Gravity of Solution X Drop Number of Water 

;;; — r (taking the surface 

Drop Number of Solutioru 

tension of water against air as unity). The corresponding formula for the 
interfacial tension of a solution against an oil should read : 

‘ Z. physik Chem. 31 , 42 (1899). 

* Harking and Humphrey; J. Am. Chem. Soc., 38 , 236 {T916). 

* Lewis: Phil. Mag. (6), IS, 499. 

* McClendon; “Physical Chemistry of Vital Phenomena' 59. 
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IFT« ^ gray. S — gray. Oil 
drops S ^ gray. W — gray. Oil 

In this, IFT stands for the corrected interfacicU tension, relative to water »■ i ; drops W *» 
number of drops formed in water; drops S = number of drops formed in the solution, S « 
specific gravity of the solution; grav. Oil -specific gravity of the oil; and grav, Ty«the 
specific gravity of water, i,e. i.ooo. 

The following data illustrate the application of this formula. In inter- 
preting these it must be borne in mind that our Donnan pipette deliyera 
against distilled water 45.2 drops of liquid petrolatum, and 73 drops of oliye 
oil (alcohol-extracted). An obseryational error of one drop will therefore 
change the interfacial tension by 2.2 percent for liquid petrolatum; and by 

1.4 percent for oliye oil. Changes smaller than these must be looked upon 
with suspicion, as within the possibility of obseryational error. 

II. The influence of specific gravity on the apparent interfadal tension of 
sodium chloride and of sugar solutions: 

This is illustrated by the experiments of Table I, from which it will be 
seen that the uncorrected, or more properly ^^false’^ interfacial tension of the 
o-sM sodium chloride is some 13 percent less than that of the 0.07M solution, 
which would be quite a material difference. The true interfacial tension, 
howeyer differs by only 0.4 percent, which is well within the obseryational 
error. This range of concentration of sodium chloride therefor has practically 
no effect on the interfacial tension. 

For the sugar solutions, between 0.03 and 0.16 mol, the ^‘false^^ interfacial 
tension also decreased by 14%; the true interfacial tension by 3% — a yery 
little beyond the experimental error. 

Table I 

Apparent and Corrected Interfacial Tension of Sodium Chloride and Sucrose 
Solutions against Liquid Petrolatum^ 


Solution 

Mol. Cone. 

Uncorrected 

IFT 

Drops Water 

Sp. G. of 
Solution 

Corrected 

1 FT> 

NaCl 

0.070 

Drops Solution 
0.978 

1.0032 

1 .006 

NaCl 

0-317 

0.902 

I .0127 

1.004 

NaCl 

0.506 

0.854 

I .0196 

1.002 

Sucrose 

0.028 

0.963 

I . 0033 

0.991 

Sucrose 

0.103 

0.881 

I .0116 

0.971 

Sucrose 

0. 163 

GO 

0 

I. 0193 

0.961 


III. The Corrected Interfadal Tension of the Salts of the Hofmeister Series: 

These were compared in M/8 solutions, (to approximate somewhat the 
osmotic pressure of frog’s blood). The results are shown in Table 11 . The 
surface tension of the solutions (water = i) is included in the last column for 
comparison. 

^ Specific Gravity 0.8873. 

^This term will be used throughout to desiguate the formula e9q>lained above, 
applying the correction for i^cific gravity. 
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It will be seen that none of the salts alter the interfacial tension toward 
liquid petrolatum by more than 2.5%; i.e. they are essentially within the 
experimental error. With the olive oil, the changes are somewhat greater, 
namely +4 to —6 percent for inorganic salts and acids; —9 percent for suc- 
rose; and —28 percent for sodium citrate. The citrate effect is presumably 
due to the formation of soap by OH ions. 


Table II 

The Influence of Equimolecular (M/8) Solutions of the Salts of the 
Hofmeister Series on Interfacial Tension; (toward Liquid Petrolatum 
and toward Olive Oil) ; and on Surface Tension (toward Air) 



I FT 

IFT 

Surface 

Solutp 

(corrected) 

(corrected) 

Tcnaion 


Liquid Petrolatum (i) 

Olive Oil (2) 

(air) 

Water 

I .000 

1 .000 

1 .000 

Sucrose 

0.986 

0.911 


Nal 

I .000 

0.966 

1.015 

NaBr 

0.996 

0.944 

1 .014 

NaCl 

0.981 

0.970 

1. 013 

Na,SO. 

1 .001 

1.027 

1. 015 

NaCitrate 

0.97s 

0.722 

1.007 

Na* 00 , 

0.998 


1 .019 

HCl M/80 

1 .000 

1.039 

1 .013 

in NaCl, M/i6 

CaClj M/80 

0.991 

T .002 

1 .017 

in NaCl M/i6 

Bad, M/80 

0.988 

0.981 

1 .012 


in NaClM/i6 

‘ Liquid Petrolatum of Si>ecific (Gravity 0.8873. 

® Olive oil, extracted by alcohol, Specific Gravity 0.916. 


The effect of these solutes on surface tension is also small, namely +0.7 
to 1.7 percent. 


It must therefor be concluded that the changes of interfacial tension be- 
tween M/8 solutions of the Hofmeister series and liquid petrolatum are so 
slight that they fall within the limits of error of the Donnan pipette. The 
interfacial tension toward olive oil is definitely, but still only slightly lowered 
by most of the salts; but sodium citrate produces a quite considerable lower- 
ing, presumably by forming soap. 


The insignificance of these salts for interfacial tension is also illustrated 
by the practical identity of the corrected and uncorrected interfacial 

tension when solutions of approximately equal specific gravity 

(drops S) 

are compared. This is is shown in Table III. 
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Tablb III 

Interfacial Tension of Hofmeister Series, with Solutions of approximately 
equal Specific Gravity, toward Liquid Petrolatum' 


Solution 

Mol. 

Specific 

Drops W 

IFl^ 


Cone. 

Gravity 

Drops S 

corrected 

Nal 

0. 131 

I .0118 

0.967 

t .012 

NaCl 

0.317 

I .0127 

0.917 

1.020 

Na 2 S 04 

0.949 

0.0119 

0.906 

1,001 

NaCitrate 

0.617 

r .0116 

0.923 

1. 017 

Na 2 C 03 

0. 106 

1.01T3 

0.923 

1 .016 


^Liquid Petrolatum Specific Gravity *0.887. 

It may be added that Harkins^ finds the interfacial tension l>etween 
water and benzene but very slightly increased by sodium chloride 0.5 
moles per liter. 

IV. The Interfacial Tension of Non-electrolytes: 

Table IV shows that urea and sucrose lower the tme interfacial tension 
toward liquid petrolatum but slightly — ^perhaps just beyond the experimental 
error. Glycerol, chloral and especially alcohol lower the interfacial tension 
very materially. 


Table IV 


The Interfacial Tension of Non-electrolytes toward Liquid Petrolatum^ 


Solution 

Mol. 

Specific 

Drops W 

IFT 


Cone. 

Gravity 

Drops S 

corrected 

Urea 

1-538 

I .0121 

0 

00 

00 

Oa 

0.978 

Sucrose 

0.163 

I. 0193 

0.854 

0.961 

Glycerol 

0 - 57 S 

I .0112 

0.816 

0.899 

Chloral Hydrate 

1-515 

I .0109 

0.709 

0.776 

Ethyl Alcohol 

4-56 

0.9693 

0.528 

0.342 


1 Liquid Petrolatum, Specific Gravity *0.8873. 


V, The Interfacial Tension of Emulsifying Agents: 

These lower the interfacial tension so greatly, that the correction for 
specific gravity becomes less important. The corrected values are shown in 
Table V, for liquid petrolatum, olive oil, and air. 


1 Harkins and Humphrey: J. Am. Chem. Soc. 38 , 242, (1916L 



INTERFACIAL TENSION AGAINST OILS 


1295 


Table V 

The Interfacial and Surface Tension of Colloidal Emulsifying Agents 



Cone. 

IFT 

IFT 

Surface 

Solution 

percent 

(corrected) 
Liq. Pet. 

(corrected) 
Olive Oil 

Tension 

Air 

Soap 

1 .0 


* 

0.342 

Soap 

0. T 

0. 17 J 

0.335 


Bile Saltsi 

0-5 

0.194 

0.333 

0.531 

Bile Salts 

0. 1 

0.349 

0.564 

0.693 

Saponin* 

0.5 

0.893 

0.725 

0.903 

Saponin 

0. 1 

♦ He 

0.729 


Tannin 

5 

0.684 

0.634 

0.896 

Tannin 

I . 

0.832 

0.871 

0.951 

(Sucrose 

4 3 

0.986 

O.QII 

I .007) 


‘ Bilcin Abbott Laboratori**^. 

* QuilJaja saponin, Merck. 

*Drops loo rapid to count. 

•• Not tried. 

It is seen that even tannin, which is a rather inefficient emulsifier, lowers 
the interfacial tension materially and to al)out an equal degree tow^ard petro- 
latum and olive oil; the effect increasing, but not proportionately, wdth the 
concentration. It has relatively little effect on the air surface. 

Saponin acts markedly on the olive oil surface, independently of concen- 
tration. The petrolatum and air surfaces ar<^ distinctly, but relatively little 
affected. 

Bile-salts and soap lower the tension at all surfaces to the greatest extent; 
the effect increasing with concentration, but not proportionately. The 
lowering is greatest tow^ard liquid petrolatum, least toward air. 

Summarizing these changes, it appears that soap, bile-salts, saponin, and 
tannin lower the interfacial tension toward air, liquid petrolatum and olive 
oil, the efficiency being in the order named. 

The efficiency is generally of a comparable magnitude toward the three 
media; the petrolatum interface being however relatively susceptible to bile 
salts and soap; the olive oil interface relatively susceptible to saponin ; and the 
air interface relatively less susceptible to all. 

Saponin appears to have the peculiarity that the effect does not increase 
materially with the concentration. 

F/. Alkali or Interfadal Tension of Fatty Oils, 

The formation of soap, especially in oils containing free fatty acid, must 
lower the surface tension very greatly. Illustrative of this are the corrected 
interfacial tension values calculated from the data of Donnan^ shown in 
Table VI. 


^Z. pbysik Chem. Si, 43, (1899). 
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Table VI 


Effect of Alkali on the Interfacial Tension of Rape>Seed Oil^ 

Molecular Concentration Interfacial Tension 

of Sodium Carbonate (corrected) 


o.ooos 

0,00075 

0,00100 

0,00150 


0.615 

0-497 

0.367 

0.184 


> Not purified to remove the fatty acid. 


Conclusions 

1. In determining interfacial tensions, it is necessary to apply a correc- 
tion for specific gravity. 

2. The interfacial tension with this correction may be expressed by the 
formula; 

ift= X 

drops S grav.W — grav.Oil. 

(JFT stands for corrected interfacial tension, relative to water=i; 
Drops Tf = number of drops formed in water; drops 1?== number of drops 
formed in the solution; grav. S = specific gravity of the solution; and grav. oil * 
specific gravity of the oil; and grav. IT = specific gravity of water, i.e. i.ooo. 

3. When the proper correction for specific gravity is applied, the effects 
of solutions of the salts of the Hofmeister series (in M/8 concentration) 
toward liquid petrolatiun fall within the experimental error of the Donnan 
pipette. With olive oil the changes are also very small, except when an alka- 
line reaction leads to the formation of soaps. 

4. Of orgam’c substances, the effects of sugar and urea toward liquid 
petrolatum also fall practically within the experimental error; but glycerol 
lowers the interfacial tension distinctly, and chloral and especially alcohol 
very markedly. This is perhaps connected with their lipoid solution affinity. 

5. Colloidal emulsifying agents (soap, bile-salts, saponin, tannin) lower 
the interfacial tension toward liquid petrolatum, olive oil and air. The 
efficiency is very high for soap, and decreases in the order named. TTic 
change is of a similar order of magnitude for the three media. 

Department of Pharmacology, 

School of Medicine^ 

Western Reserve University. 



THE SUPERHEATING OF LIQUIDS 


BY FRANK B. KENRTCK, C. S. GILBERT AND K. L. WISMER 

When a liquid is heated in an open tube it is generally possible to raise 
the temperature above its boiling point without ebullition taking place. 
But both the extent to which the superheating of a given liquid can be carried 
and also the length of time for which a liquid may be kept superheated at a 
given temperature vary in an apparently quite capricious way from experi- 
ment to experiment. No satisfactory explanation has been given for these 
phenomena, and indeed there are few definite facts known on which an ex- 
planation can be based. In this research an attempt is being made to obtain 
some definite information concerning these phenomena. 

The superheating of liquids* and the closely allied phenomena of the 
‘‘stretching of liquids’’^ and the supersaturation of gases^ have been the sub- 
ject of comparatively few investigations, while on crystallization of super- 
cooled liquids and solutions^ countless papers have been published. 

Two methods of investigation have l)een followed: (A) suddenly heating 
the liquid in open capillary tubes at atmospheric pressure^ and (B) reducing 
the pressure on the liquid in closed tubes at fixed temperature®. 

A. Heating Liquids in Open Capillary Tubes 

Apparattia. In ordinary test tubes and in many capillaries there are 
definite points on the walls which cause bubbling. I^veryone has seen streams 
of bubbles rising persistently from the same spot in the side of the tube, and 
sometimes when a liquid is suf)erheat(‘<l in a straight capillary tube, part of 
the liquid jumps out leaving the same amount in the tute several times run- 
ning, In order to reduce the chance of the presence of these obvious im- 
perfections in the walls very small capillary tubes were used. To facilitate filling 
and to eliminate the sealed end the capillaries were bent into narrow U-tubes 
about lo cm. high. For temperatures above 200°, at which soft glass was 
rapidly attacked by water, Pyrex glass was used. For lower temperatures 
and for non-aqueous liquids soft soda glass was employed. The tubing from 
which the capillaries were drawn was cleaned with chromic acid cleaning 
mixture, dried, and kept sealed till required. When a test was to be made a 
tube was opened and a portion heated and drawn out to a capillary from i to 
0.3 mm. inside diameter and from 0.2 to 0.07 mm. wall thickness. 

^ J. Meyer: Nernst Festschrift, 278 (1912); Kenrick: Trans. Am. Electrochem. 80c. 
23 , 425 (1913); Wismer: Trans. Roy. S^oc. Can. 15 , 49 (1921). 

*BertheIot: Ann. Chim, 30 , 232 (1850); Worthington, Phil. Trans, 183 , 355, (1892); 
Dixon; Proc. Roy. Soc. Dublin (2) 12, 60 (1909). 

• Wismer: Trans. Roy. Soc. Can. 16 , 271 (1922). See also next article. 

^One of the most recent: Hinschelwood and Hartley: Phil. Mag. 43 , 78 (1922). 

• A summary of some of the results obtained by this method by C. S. Gilbert was pub- 
lished in Trans. Roy. Soc. Can. IS, 53, (1921). 

• By K. L. Wismer in 1922. 
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A convenient set of constant temperature baths consisted of a number of 
tin cans fitted with reflux condensers and containing liquids of various boiling 
points. Into the top of each can was soldered a brass thimble about 5 cm. 
deep containing Russian petroleum. 

Method. A freshly made capillary U-tube was filled with the liquid by 
suction. It was then plunged suddenly, about 4 cm deep, into the temper- 
ature bath and the time noted on a stop-watch before explosion took place. 
To find roughly the time required to heat the liquid in the capillary to the 
temperature of the bath a similar-sized straight capillary tube closed at the 
bottom and drawn to a very fine thread at the upper end was filled with 
nitrobenzene and used as a thermometer. It was found that in three seconds 
the nitrobenzene had expanded practically to its limit. That the superheat- 
ing observed was not in any way affected by possible cooling by convection 
currents was concluded from the fact that the same superheating was ob- 
served in tubes in which the lower part of the U was bent into a hori- 
zontal position. Also similar results were obtained when very long U-tubes, 
filled to the top with liquid, were employed, in which case cooling by evapora- 
tion from the surface would be impossible. 

Results. As a result of hundreds of preliminary experiments it was quite 
obvious that freshly heated capillary tubes were much more favourable to 
superheating than tubes which had been long exposed to the air. Ihis result 
is analogous to the fact that a freshly heated thread of glass may te dipped 
into a glass of soda water without causing effervescence, while after a few 
minutes exposure to the air, or after being touched with the finger, it causes 
immediate evolution of carbon dioxide. 

With freshly prepared or freshly heated capillaries it soon became evident 
that, in spite of a persistent capriciousness in the results, there were certain 
general regularities of behavior. The most striking result was the very rapid 
shortening of the time interval, before explosion, with rise of temperature. 
Ether, for example, was frequently kept for over an hour at 100®, while at 
140® it was never possible to keep it more than a few seconds, and yet at this 
temperature the vapour pressure is not much more than twice that at 100®. 

Secondly, experiments showed that whatever the effects of heating may 
be it is not cumulative in the sense that the effect of heating and cooUng 
repeatedly without explosion has any noticeable influence on the result of 
subsequent heating. For example, a tube of ether was heated to 115® for 
five seconds and cooled for five seconds 20 times without explosion. On 
continuous heating it then ex^floded in 35 seconds. 

A third general result follows from a comparison of the present experi- 
ments with those described by Wismerh This ccmparison shows that the 
same relation exists between temperature and supersaturation whether the 
liquid is suddenly raised to a high temperature at atmospheric pressure or 
whether at high temperature and high pressure, the pressure is suddenly 
reduced to atmospheric pressure. 


‘ J. Phys. Chem. 26 , 301 (1922). 
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In spite of these general conclusions, however, which are the result of a 
great many observations, it is quite apparent that there is not even an ap- 
proximate constancy in the time interval between heating and explosion 
even with the same tube, at the same temperature, and with liquid taken from 
the same sample of material. For example, a tube was filled with ether, 
placed in an oil bath at 122® and the time noted before explosion. The tube 
was refilled and the experiment repeated 20 times. The interval of time be- 
tween the moment of immersing and the explosion varied quite irregularly 
from 2 to 75 seconds, but 15 of the experiments lasted less than 30 seconds. 
The same tube, which it is presumed would go on behaving in a similar 
irregular way, and for which the probability of it lasting for more than 30 
seconds was not great, was again filled and heated. If the ether exploded in 
less than 30 seconds it was refilled, but if it lasted 30 seconds it was taken out 
of the bath and let cool for a few seconds, put back in the bath, and again if 
it lasted 30 seconds, let cool, etc. Of four fillings which lasted more than 30 
seconds one exploded on the second reheating, one lasted for three reheatings, 
one for 14 and one for 16 reheatings. The general irregularity of the inter- 
vals makes it seem unlikely that the explosions w^ere caused by any one 
particular imperfection in the glass, vrhile the persistence^ with which some 
of the fillings which had outlived the 30 seconds could be re-heated for this 
period seems to show that either (a) these particular samples of ether were 
different from the majority, or (b) a particular condition of the walls existed 
in those cases, which however might be altered completely by the shock of an 
explosion. The results are certainly not in accord with the assumption that 
the initiation of the bubble depends entirely on some property of the liquid 
itself in which there is an element of chance. 

An attempt was made to decide between these two possibilities by making 
definite changes in the treatment and material of the capillaiy tubes and in 
the nature and purity of the liquid used. The results are disappointing in so 
far as none of the changes tried led to any increase in the tendency of the 
liquids to superheat above that showm in the ordinary" freshly heated capil- 
laries, or to any decrease in the caprieiousness of the time interval. 

Changes in the tubes. (1) Various kinds of glass were used for the capil- 
laries. No difference could he established in the tehaviour of Pyrex, soda 
glass and clear quartz. 

(2) Metal capillaries were less favourable to superheating than glass: 
glass silvered by ammoniacal silver nitrate and tartrate was probably less 
favourable than unsilvered glass. 


Tul>e 

Liquid 

Temp. 

Averapie time 
before explosion 

Glass 

ether 

126 

5 sec. 

Glass silvered 

« 

120 

3 “ 

Brass 

<< 

60 

2 “ 

Steel 

a 

60 

2 “ 


^ A result to a certain extent contradictory to this is recorded in Part B of this paper. 
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(3) As already stated, exposure of the tubes to air for some time is un- 
favorable to superheating. 

(4) Evacuation of tubes at high temperature, (a) A long capillary tube 
bent into a flat spiral was immersed in boiling mercury for an hour while the 
pressure in the tube was kept down to less than i mm. It was then sealed 
off, cooled, the tip broken off under freshly boiled ether, and the whole cut 
up into a number of U-tubes. (b) A similar set of tubes was prepared by 
evacuating and heating in an airbath till some of the tubes collapsed, (c) A 
similar set was evacuated to a pressure of 0.001 mm and heated for an hour 



to the temperature of boiling sulphur. Although the last set appeared to 
favour superheating somewhat more than the others none of the tubes be- 
haved decisively differently from the ordinary freshly drawn capillaries. 

Average time 


Tube 

liquid 

Temp. 

before explosion 

Freshly drawn 

ether 

126 

S 

Treatment (a) 

it 

127 

3-4 

Treatment (b) 

it 

127 

4 

Treatment (c) 

it 

133 

4 
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Among the last set was one capillary which after being refilled and exploded 
five times stayed at 143° for 2 seconds. This was the highest temperature 
ever reached m open capillaries with ether. 

(5) Capillary tubes digested for two weeks in Russian petroleum, with 
alternate heating to 150® and cooling, and subsequently washed with ether 
were less favorable to superheating. 

(6) Capillary tubes washed out rapidly with hydrofluoric acid, then with 
water, and dried in a current of hot air, were, if anything, less favourable to 
superheating of ether than before treatment. 

Changes in the liquid, (i) One of the most obvious assumptions to ac- 
count for the differences in the behaviour of different samples of liquid is that 
the motes which are present in all ordinary liquids initiate the bubbles. In 
order to test this assumption mote-free ether was prepared in the apparatus 
shown in Fig. ri. Three distillations were made in vacuo without ebullition 
from bulb C to bulb R, and between each distillation, during the rinsing 
back, care was taken to cause a rapid current to flow five or six times through 
D. The liquid in C was found to be quite mote-free on examination with 
an intense beam from an arc-light. Tube D was then immersed in an oil 
bath at 127.6° and the times noted before explosion. The intervals were: 
7 sec, 80 sec; the third time it did not explode till five minutes and it then 
broke the tube, but it is thought that in the last test there was a difference 
in level in the bulb which caused a current through the capillary. In a new 
apparatus at a temperature of 130.5° explosion took place in eight tests in 
from I to 3 seconds after immersion. From these experiments it would 
appear that motes in the body of the liquid are not an important factor in 
the initiation of bubbles, although to be certain of this result a much larger 
number of tubes, R, would have to be tried. 

(2) Addition of colloids. The presence of starch, colloidal platinum^, 
and argyrol hindered superheating. An old solution of colloidal silica had 
apparently no effect. Pyrex tubes were used: 


liiqnid 

Temp. 

Average time 
before explosion 

water 

240° 

8 sec 

Water -h 3% starch 

153 

6 

boiled 

Water +0.1% argyrol 

169° 

7 “ 

Water+0.02% colloidal 

platinum 

135“ 

2 “ 

Water+colloidal silica 

prepared 13 years ago 

236“ 

s “ 


* See Martin: J. Phys. Chem. 24 , 481 (1920) and Kenrick: J. Phys. Chem. 26 , 73 
(1922). 

* See also next article, p. 1310. 
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{3) Addition of soluble substances, 
to water had little or no effect. 

Liquid 

Water+ 4 % aniline 
Water +2 . 7 % amyl alcohol 
Water+0.6 % sulphuric acid 
Water-t-6.5 % sulphuric acid 


Small additions of soluble substances 


Temp. 

Average time 
before explosion 

236 

6 sec 

238 

8 " 

213 

3 “ 

238 

3 “ 


*The results are surprising. It is commonly thought that solutions of 
sulphuric acid are more liable to ^^bump^’ than pure water. This is very 
likely the case in ordinary vessels. 

Although it was generally impossible to superheat ether in tubes previously 
washed out with water and imperfectly dried, a solution of ether and 0.6% 
water held at 117® for over 5 seconds seven times running. 

(4) A number of pure liquids were investigated to find the maximum 
temperatures to which they could be heated without explosion. In these 
tests a capillary of liquid was dipped into an adjustable oil bath at a temper- 
ature about 40® above the boiling point of the liquid. If the liquid did not 
explode in 10 seconds the capillary was removed while the temperature was 
slowly raised about 2® per minute. Every 10 seconds a test was made until 
an explosion occurred. Then another capillary was filled and started about 
30° below the last explosion point and the temperature slowly raised as before. 
As the previous explosion point was neared the time the tube was kept in 
the bath was decreased to 5 seconds. The following table gives the highest 
temperatures reached in this way, together with the vapour pressures cor- 
responding to these temperatures, and the boiling points of the liquids. 
For the last three columns see '^Discussion of Results, p. 1305). 


Table I 



Highest 

Corresponding 

Boiling 

Action 



Liquid 

Temp.^m 

vapor press.pr 

point 

to glass 

ytm 

rXio» 

Ethyl ether 

143 

11,500 

35 

Contact angle 

35 

4.5 

Ethyl alcohol 

201 

22,700 

78 

Wets 

3-88 

2.S 

Methyl alcohol 

180 

20,100 

66 


6.41 

4-7 

Chloroform 

173 

11,000 

61 




Acetone 

174 

14,400 

56 




Carbon bisulphide 

168 

11,700 

46 

Contact angle 



Water 

270 

41,200 

100 

Wets 

20(?) 

7-3 

Sulphur dioxide 

50 

6,300 

— 10 




Benzene 

203 • 

11,200 

79 

Contact angle 

6.88 

9.2 

Chlorbenzene 

250 

8,300 

132 


8.04 

16.7 

Brombenzene 

261 

6,100 

156 




Aniline 

262 

— 

183 




m-Xylol 

235 

— 

137 
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(5) Although in all the above experiments the liquids were always thor- 
oughly boiled just before use, to “drive out the air/' we have never been 
able to convince ourselves that this precaution made the slightest difference 
in the superheating. It no doubt helps the vessel in which the boiling takes 
place, and this probably is the reason for the prevalence of the opinion that 
liquids must be free of air in order to be successfully superheated. 

B. Reducing Pressure on Liquids in Closed Tubes at 
Constant Temperature 

From the results already obtained it seems likely that either the walls 
of the vessel or nuclei attached to the walls are one of the causes of the 
variability of behaviour of liquids on superheating. It is also not unlikely 
that both in the method just described and in the pressure method reported 
on previously* the shock of the explosion resulted in variations in the condi- 



tions under which each successive bubble formation took place. In order 
to minimize the effect of this shock and also to aid in locating the origin of 
the explosion the following method was adopted. Ether was used in all the 
experiments. 

Apparatuf^. In Fig. 2, the ether to be superheated is contained in a small 
tube C, 10 cm long, outside diameter about 2.5 mm, which is connected by 
a very fine capillary to a minute mercury-air manometer and a vertical tube 
JB, 12 cm. long by 2.5 mm diameter. Another short piece of fine capillary A 
connects the apparatus to a screw pressure machine. The whole apparatus 
was filled with ether, twice distilled over sodium, and boiled immediately 
before use. The ether was subjected to about 20 atmospheres pressure and 
the bulb immersed in an oil bath at 125°. A few triais of reducing the pres- 
sure to one atmosphere showed a probability of a time period sufficiently 
long to effect a seal-off at A, and after a number of attempts in which the 
explosion occurred in the middle of the operation, a successful seal was made 
at atmospheric pressure. 

1 Wiamer: J. Phys. Chem. 25, 501 (1922). 
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Method. We now have a tube full of liquid at 125® and at atmospheric 
pressure in which the bubble of vapour formed cannot grow very large. 
The vapour may again be liquefied by the compression brought about by 
warming JS in a beaker of hot water. The great compressibility of hot ether 
allows the attainment of this pressure without seriously endangering the 
apparatus by even considerably over-stepping the required compression. 
The bubble formed on explosion was about 5 mm long. After compression 
and condensation of the bubble the pressure can be brought to i atmosphere 
again in from 4 to 5 seconds. 

Results. The bulb C was put in the oil-bath at 124.6® — 124.7®, the 
pressure reduced by cooling B. The time was noted from the instant the 
manometer indicated atmospheric pressure until the explosion occurred. 
The following time periods for one set of experiments give a very good indi- 
cation of the wide variation in results, (time in seconds): 165, 105, 145, 90, 
60, 250, 75, 240, 500, 270. Many similar experiments were carried out. 

(1) It was found that the bubble did not start at the point where it had 
previously disappeared. 

(2) In only two instances, out of over 40 experiments did a bubble appear 
at the same spot on three or four consecutive explosions. Often two or more 
bubbles appeared simultaneously and in one ease as many as eight appeared 
distributed along the tube. Since in spite of efforts to keep the bubble as 
small as possible it could not be prevented from growing to 4 or 5 mm in 
length, only the region in which the bubble occurred could be noted and not 
any well-defined point. 

(3) It was thought that if there were obtained a time interval considerably 
above the average it might indicate that a condition of the tube existed which 
was more favourable to superheating than in previous instances, and that 
the pressure might be applied and reduced a number of times with long time 
intervals without explosion. The results, however, do not lead to such a 
conclusion. The average time for which ether could be held without explo- 
sion at atmospheric pressure and at 130.5 was 60 seconds for the particular 
tube used in the apparatus; if no explosion occurred in 120 seconds pressure 
was again applied, held for two minutes and reduced a second time. On 
each second trial the explosion always occurred after a very short interval, 
much shorter than the average. The results may be illustrated by one set 
of experiments; in which the first ten tests were used to find the average time 
interval, (time in seconds) : 

At 130.5® bubble formed after 160, 25, 45, 65, to, 75, 60, 13, 40, 43, 
(Average — 59), 1 20 no bubble; (applied pressure for 2 minutes) bubble formed 
after 20, 25, 40, 80, 25, 120, no bubble, (applied pressure for 2 minutes), 
bubble formed after 33, 25, 7, 90, no bubble, (applied pressure for i minute), 
bubble formed after 15. 

This result appears to be contradictory to those recorded on page 12 99 from 
the experiments with open capillaries. It should be noted, however, that 
the conditions arc different in the two cases in several respects. The open 
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tubes had been violently agitated by explosions every few moments, while 
after the long time intervals the only disturbance consisted in spontaneous 
cooling. In the present case no violent agitation occurred, but after each 
long time interval a very considerable pressure was applied. 

(4) One set of experiments was carried out at 130.7° after a long heating 
of over three hours above 120°. The average time period obtained in this 
set was 119 seconds, as compared with an average of 67 seconds for a set 
previously performed at the same temperature but without the long heating. 

(5) A test was made in which the pressure was reduced for 30 second 
intervals and applied for 30 second intervals. In three cases the totalled 
time period was 115 secs. 155 secs, and 93 secs., while the average time for 18 
explosions was 98 secs, in which one of the tests held for 350 secs. This is 
in accord with the result with open tubes (page 1298). 

(6) A small tube similar to C Fig. 2, was attached to the pressure machine, 
filled with ether, and immersed in the thermostat. On slowly reducing the 
pressure the ether always exploded at one point before atmospheric pressure 
was reached. The tube was removed from the bath, rested on a heavy glass 
tube which was tapped, thus making the small tube vibrate violently. When 
the tube was then returned to the bath there were found to be two other 
spots at which an explosion was as likely to take place as at the former spot. 

Discussion of Results. The difference between different capillaries, the 
absence of favourable effect on superheating of the removal of motes, and 
the great extent of the irregularities of the results make it seem likely that 
the initiation of the bubble is not due mainly to a lack of uniformity in the 
body of the liquid, either in respect to the liquid itself or to motes in the 
liquid. 

The difference in the behavior of the same tube from one experiment to 
another, and the persistence with which some fillings which were not allowed 
to explode could be held repeatedly, suggest that there are differences in the 
walls of the tube which are affected by each explosion. Such behavior 
might be explained by the action of motes attached loosely to the walls of 
the tubes^ 

That adsorbed or occluded gases are not an important factor in starting 
bubbles in freshly heated tubes is shown by the experiments with exhausted 
and baked capillaries. It is possible however that such gases are of influence 
in unheated tubes or tubes which have been exposed long to the air. 

If any process is occurring between the moment of raising the temperature 
or reducing the pressure and the moment of explosion it must be a reversible 
process, for there is no indication that heating and cooling without explosion 
affect the likelihood of the subsequent explosion. 

The capriciousness of the experiments with closed tubes in which the dis- 
turbance caused by the bubble formation might be expected to be slight 

* That there is an apparently inexhaustible supply of detachable motes at the surface 
of glass vessels which are not removed in the preparation of mote-free^ water by distillation 
in vacuo has been proved by Mr. Garrard in this laboratory. 



1306 FRANK B. KENRICK, C. 8, GILBERT AND K. L. WISMEB 

point to the existence of a chance factor in addition to the irregularities at tire 
walls of the tubes, unless the great pressure increase due to the formation 
of the bubble is also sufficiently disturbing to entirely alter the walls between 
each experiment. 

The rather definite upper temperature limit is very puzzling. It is not 
clear from the experiments whether there is a real limit or merely a very 
rapid shortening of the time period with rise of temperature. If the radius, r, 
be calculated for a vapour bubble which can exist in equilibrium with the 
liquid at the maximiun temperature reached, t„, the values shown in the 
last column of Table I are obtained. In the calculation it was assumed that 

27 

a— - ■' cm 

i.36Xg8oXp» 

where y is the surface tension in dynes/cm and p® is the vapour pressure in 
millimetres at the maximum temperature The values of r are of the same 
order of magnitude, but there are differences which can hardly be accounted 
for by the uncertainty in the determination of the highest temperatures. 
To change r for ether, for instance, from 5.1/xju to 3.2jup would require a change 
of temperature from 140 to 150. A reason, moreover, for attaching some 
importance to the values, r, is that for the same liquid (ether) the change in 
maximum temperature with the external pressure pm fits in very well with 
a constant value for r over a very wide range, as pointed out in Wismer^s 
work^ Thus if r be taken as 4.5X10“^ cm the following external pressures 
Pm^ expressed in atmospheres, are calculated for themax imum temperatures, 
by the formula 

^ _ 27 , ^ 

760 i.36X9SoXr 


maximum temp. 

m 

Table II 

7 

Pv 

external pressure, p, 
in atmospheres 

180'' 

0.64 

21 780imn 

26.8 

160° 

2.08 

15730 

12.6 

140® 

3-77 

1 1030 

— I.O 

20® 

16,49 

42 

-72 


In 20 determinations made at pressures varying from 1 to 25 atmospheres 
the maximum temperatures maintained for an appreciable time differed in 
19 cases by less than 2® from the values calculated from the above formula, 
and in one experiment by less than 4®. And in the one case on record of the 
‘'stretching^' of ether^ at room temperature the minimum pressure reached 
was —72 atmospheres. 

* J. Phys. Chem. 26, 306, (1922). 

* Meyer: Zur Keimtnis dee negativen Druckes in Flasmgkeiten (1911). 



THE SUPERHEATING OF LIQUIDS 


Is^07 


However, the increase in vapour pressure and decrease in surface tension 
with rise of temperature are not sufficient to account for the extraordinarily 
rapid shortening of the time interval with rise of temperature. The assump- 
tion of local fluctuations in the density of fluids which in recent years has 
afforded such a convenient concept for expressing many of the properties of 
liquids may possibly be found suitable in the present case, for if a definite 
fluctuation of density, involving a quantity of material determined by r is re- 
quired to initiate a bubble the probability of the event happening would 
increase rapidly with the decrease in r. 

If nuclei on the glass are the origin of bubble formation, one would expect 
differences in effectiveness depending on the ability of the liquid to wet the 
material of the nucleus. In this connection it is worth noting that of the 
organic liquids for which information is available^ (see fifth column, Table I), 
ethyl alcohol (r = 2.5 X 10 is the only one which wets glass without a con- 
tact angle. Water, it is true, also wets glass, but its exceptional behaviour 
(r=* 7.3X10““^) may be due to its action on the glass at high temperatures. 
There is an apparent connection betvreen the association coefficient of the 
liquids and the pressures in col. 3, Table I, though a reason for this is not 
obvious. 

Summary, x. Experiments have been made on the superheating of 
liquids by heating the liquids in open capillary tubes at atmospheric pressure 
and by reducing the pressure on the liquids in closed tubes at constant tem- 
perature. Temperatures have been reached, at atmospheric pressure, from 
50° to 1 70° above the boiling points of the liquids. 

2. The initiation of bubbles in freshly drawn capillary tubes appears to 
be connected with nuclei loosely attached to the walls of the vessels and with 
a property of the liquid in which there is an element of chance. 

3. In freshly drawn capillaries neither dissolved gases in the liquid nor, 
apparently, adsorbed gases on the glass are import^ant factors in initiating 
bubbles. 

4 . The radius of bubbles which could exist in equilibrium with the liquids 
at the highest temperatures to which they can be superheated varies from 
2.5 to 16IJLJJL. 

5. There is a simple relation between the external pressure and the maxi- 
mum temperature attainable which holds over a very wide range of pressure. 

Chemical Department^ 

University of Toronto ^ 

June 77, 1924. 

^ Miss Pockcls: Physik Zeit. 15, 39 , ( 1914 ). 
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The work described in this paper was begun some years ago and part of 
it has already been reported in abstracts Although it is not yet completed 
the recent appearance of an article under the same title^ makes it inadvisable 
further to delay publication of the details. 

In most of the previous work on supersaturation the phenomenon has 
probably been complicated by one or more of three factors: (i) crystalline 
form of the separating substance, (2) effect of the walls of the containing 
vessel, (3) dust particles suspended in the liquid. We have avoided the first 
difficulty by using gases. The effect of the vessel walls has been eliminated 
to a certain extent in the present work, and it is hoped later to be able to 
employ dust free liquids prepared by some of the methods already worked 
out in this laboratory. 

The work may be taken up under three heads: (A) Solutions made by 
shaking water and the gas under pressure, (B) Supersaturated solutions 
prepared by chemical formation of dissolved gas, (C) Ultra-microscopic 
investigation of capillary tubes of solution under pressure. 

A. Solutions made by shaking Water and the Gas 

Before giving the details of the experiments it may be well to quote the 
conclusions already reached in the work by Wismer®. 

‘^Solutions of oxygen and of carbon dioxide were investigated at atmos- 
pheric pressure at concentrations corresponding to pressures up to about 50 
atmospheres in the case of oxygen and 35 in the case of carbon dioxide. The 
results obtained up to the present seem to justify the following conclusions: 

1. A long heating of tube and solution at high temperature was found to 
favour supersaturation. 

2. The time interval between the reduction of pressure and appearance 
of a bubble varies between wide limits even under apparently identical 
conditions. 

3. Suspended particles (e.g. colloidal platinum) introduced into the liquid 
rapidly lose their effectiveness in starting the bubbles. 

4. It is almost certain that in all cases the bubbles were initiated at the 
surface of the glass, although the location on the surface was by no means 
constant except in tubes in which there were obviously imperfections in the 
glass. 

5. Although carbon dioxide is nearly thirty times as soluble as oxygen, 
the average time interval before formation of bubbles is about the same for 

^K. L. Wismer: Trans. Roy. Soc. Canada (3) 16, 217 (1922). 

* J. Mctschl: J. Phys. Chem. 28, 417 (1924). 

* Loc. cit. This has not yet been reviewed in Chemical Abstracts. 
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the two gases at the same temperature when the supersaturation corresponds 
to the same equilibrium pressure. 

6. On the assumption that the bubble originates from a spherical particle 
acting as a nucleus which the bubble just encloses, the diameter of such a 
particle was calculated to be at most sXio~^cm*’\ 

Method and Apparatus, The difficulty encountered with the ether in 
preventing the growth of large bubbles (see preceding article) is almost wholly 
overcome in experiments with a supersaturated solution of gas in water. 
In this case the formation of a bubble of gas in the liquid depletes the im- 
mediate neighborhood of dissolved gas, and the bubble must grow by the 
diffusion of gas from a more concentrated portion of the liquid. Hence the 
bubble grows comparatively slowly and there is no violent reaction to disturb 
the rest of the liquid. 



Oxygen and carbon dioxide were chosen for study, as examples of slightly 
soluble and very soluble gases. The oxygen used was the commercial gas 
from a cylinder; the carbon dioxide was made in a Kipp apparatus from 
marble and hydrochloric acid. 

The form of apparatus used is shown in Fig. i. The tube, 60 mmX6 
mm inside diameter, contains the supersaturated liquid. D is a bulb large 
enough to hold the contents of . 4 . E and EC are capillary tubes used for 
filling the apparatus. The small manometer M is used to indicate atmos- 
pheric pressure. The whole is made of well-annealed soft glass of a suitable 
thickness to stand over 50 atmospheres pressure. 

The apparatus is first filled with water. The open tip, C, is then brought 
up under a test tube of oxygen inverted in a dish of water. By unscrewing 
the screw of the pressure machine the liquid in A is drawn back into I), and 
is followed by oxygen. A little water is then drawn in to fill the tube 5 C, 
and the tip C sealed off. By applying a pressure of from 30 to 40 atmospheres 
the gas is compressed to a small bubble. A motor-driven mechanical arrange- 
ment slowly raises and lowers the apparatus through about 30 cm. by means 
of a string attached to a wheel on the ceiling. The apparatus is attached to 

* This is wrong. This was the number for superheated ether put in here through 
error. The value should have been 23 X 10"^. 
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the pressure machine and hydraulic pressure gauge by a horizontal flexible 
glass capillary about a meter long, and the gas bubble is thus made to run 
from end to end in tube A, Even with this arrangement an hour or more is 
necessary to effect solution. When the gas is all dissolved the pressure is 
reduced to one atmosphere, the tip C broken off and a fresh supply of gas 
drawn in. The operation may be repeated many times until the desired 
concentration is reached. The equilibrium pressure of the gas in solution 
was found by dissolving all but a minute bubble and then adjusting the pres- 
sure until the bubble was seen to grow neither smaller nor larger on measure- 
ment every three minutes with a microscope provided with an etched micro- 
meter scale. On complete solution the pressure was, of course, increased 
by a slight but almost negligible amount. 

Results, (i) An amount of oxygen equal to approximately half the 
volume of A w’as drawn into the tube and dissolved under 30 or 40 atmos- 
pheres pressure, giving a solution whose equilibrium pressure was about 16 
atmospheres. With this concentration of gas bubbles did not appear on 
reducing the pressure to one atmosphere, at room temperature, even after 
an hour, and it was found necessary to heat the tube to the neighborhood of 
60 or 70® to obtain bubbles within a reasonable time. 

(2) Experiments were performed which had another advantage over 
those with superheated ether, namely, that after the fonnation of one bubble 
time could be allowed for the formation of one or two more bubbles. The 
following record is typical of a number of experiments. Different portions 
along the length of the tube may be represented by a, 6, c, d, e, g^h. The 
equilibrium pressure of the oxygen was 16 atmospheres. At 61® and i at- 
mosphere a bubble appeared in 4 seconds at a; one second later another bubble 
appeared at e; 10 seconds later no more bubbles had appeared and pressure 
was applied to redissolve the gas. At 58® and i atmosphere a bubble ap- 
peared in 75 sec. at gf; to seconds later another at a; 20 seconds later another 
at d. 

(3) The effect of temperature on the time interval for which a liquid can 
remain at one atmosphere is shown very strikingly by one tube whose time 
intervals in the neighlxrrhood of 80® varied from 10 seconds to 4 minutes. 
This tube at room temperature gave rise to a bubble only aftei more than 76 
hours, although at this temperature the absorption coefficient of oxygen is 
scarcely twice as great as that at 80®. 

(4) One tube was filled with a solution of colloidal platinum which had 
been prepared by Bredig's method some months before, and from which all 
the larger particles had settled out. Oxygen equal to about half the volume 
of the tube was dissolved in it giving an equilibrium pressure of about 16 
atmospheres. On the first reduction of pressure to one atmosphere at room 
temperature 9 bubbles appeared almost simultaneously after two seconds. 
These were dissolved, and a second time 9 bubbles appeared after three 
seconds. On a third trial 3 bubbles appeared in three seconds, and no more 
appeared in the next 40 seconds. A fourth reduction of pressure gave no 
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bubbles in 1 1 minutes, and pressure was again applied. Thus the effective- 
ness of the colloidal platinum in starting bubbles is rapidly lost. 

(s) One tube, in which a concentration of oxygen corresponding to an 
equilibrium pressure of 30 atmospheres at 20° had been built up, held for 75 
seconds at 72® at atmospheric pressure, without formation of bubbles. (No 
doubt much higher concentrations could have been obtained for shorter 
time intervals.) From Winkler^s solubility values^ for oxygen at different 
temperatures, and assuming Henryks law the equilibrium pressure at 72® 
was calculated to be 51.5 atmospheres. The radius r of a bubble which could 
exist in equilibrium with the liquid under those conditions would be 23 X 10'“’^ 
cm. If the maximum supersaturation of oxygen attainable be calculated 
on the basis of r= 7.3 X 10“^ (the value obtained for water from superheating 
experiments; see preceding article) a concentration is found corresponding 
to a pressure of 202 atmospheres at 20° and 168 atmospheres at 72®. 

(6) A few experiments were made, with carbon dioxide in water. Since 
the absorption coefficient of this gas at room temperature is 0.878^ a great 
many fillings were necessary to build up a high equilibrium pressure. After 
14 fillings of the tube the pressure was found to be 9 atmospheres; after 24 
fillings the pressure was 14 atmospheres. At room temperature and at 40® 
a bubble did not form in 10 minutes. It was necessary to raise the tempera- 
ture to from 55® to 70® before bubbles would form in ten minute intervals. 
The capriciousness of the behaviour is very similar to that of the oxygen 
solutions. In one test it was possible to keep the liquid at atmospheric 
pressure at 79® for 15 seconds. The equilibrium pressure was again deter- 
mined at the conclusion of the experiments and found to be 1 2 atmospheres, 
the loss being due to slow diffusion through the capillary connecting A and Z), 
Using an extrapolated value for the absorption coefficient at 79® and assuming 
Henryks law, which is not strictly true for carbon dioxide, an equilibrium 
pressure of over 35 atmospheres was calculated. 

B. Supersaturated Solutions prepared by Chemical Formation 

offfieGas 

Method and A'pyaratus. Highly concentrated solutions of nitrogen were 
prepared by warming, under pressure, eolutions in which dissolved nitrogen 
is produced by chemical reaction. Fig. 2 gives a diagrammatic representa- 
tion of the apparatus. A is a screw pressure machine from which the 100 
atmosphere hydraulic gauge used in part A has been removed. This is 
connected by a small copper tube to the needle side of a needle valve. The 
seating side is connected by similar tubing to a sealing wax joint and thence 
by glass capillary tubing to the thick-walled glass bulb B of about 5CC. capac- 
ity, in which is the meniscus between the oil of the press and the water used 
in the rest of the system. The air-filled manometer whose lower half was 
made from 0.9 mm and upper half from 0.3 mm tubing was of such dimensions 

1 Ber. 24, 3602 (1891). 

* Seidell: ‘^Solubilities of Inorganic and Organic Compounds.*' 



1312 


FRANK B. KENRICK, K. L. WISMER AND K. S. WTATT 


that at 200 atmospheres the mercury stood about 20 mm from the top. This 
was joined by a loop E of about two metres of capillary glass tubing (about 
2 mm outside and 0.7 mm inside) to a T-piece made of very small tubing, 
the lower end of which led to the solution vessel F, 8 mm outside diameter 
and 10 cm long with about 1.5 mm wall thickness. This vessel was paint- 
ed black with the exception of four narrow vertical slits where the paint was 
scraped off as shown in the sectional view, Fig. 2. The tubes C were used 
for filling the system and for blowing into when making sealed joints or 
repairs. 

The apparatus was always tested to 200 atmospheres before beginning 
an experiment. It may be worth noting that most of the breakages consisted 
in the bursting of F and in the splitting of T-pieces. It was originally in- 



tended to heat F to 70°, keeping the lower end cooled to prevent bubbles 
forming at the bottom, but we never succeeded in getting a tube to stand the 
pressure under this condition, although Pyrex, lead glass, and Jena glass 
were tried in addition to soft soda glass which was found to be the best. All 
tubes were made as small as possible. The only T-pieces that could be re- 
lied upon were made very carefully from tubing about 3 mm outside diameter 
and I mm bore. The advantage of thick glass walls was apparently more 
than offset by the difficulty of avoiding strains in the glass-blowing. 

The method of procedure was in general as follows. Dissolved nitrogen 
was generated in a warmed aqueous solution in the vessel F while the pressure 
was maintained at a value sufficient to prevent bubbles forming, until the 
reaction was complete. The time necessary for this was found by blank 
experiments in test tubes with fine rubber delivery tubes, the gas from which 
was measured by collecting over water. In these blank experiments the solu- 
tion, temperature, and duration were the same as in the actual experiments, 
but in the blanks the tubes were shaken vigorously every few minutes to 
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cause evolution of the gas. As the reactions used might safely be assumed 
to be non-reversible, the fact that the gas was evolved in one case and not 
in the other could not affect the quantity, and would be very unlikely to affect 
the rate of formation of the nitrogen. When the reaction was complete the 
tube A was allowed to cool to the room temperature. There is now in the 
tube a solution which, when the pressure is reduced to j atmosphere will be 
very highly supersaturated. 

A beam of light from an arc lamp was then passed through the tube from 
right to left and observation was made through the front slit by means of a 
lens. With this method of illumination bubbles rising from the sides of the 
vessel, although visible by light reflected inside the tube could be easily 
distinguished from bubbles rising through the middle of the tube which shone 
out like sparks. Bubbles rising from the bottom could be distinguished from 
bubbles formed in the body of the liquid by the fact that the former could not 
come into view near the top of the tube till a couple of seconds after the 
pressure was reduced. 

There are not many reactions suitable for producing the gas. The reaction 
must be slow enough to give time for thorough mixing, for filling the tube 
through a fine capillary, and for sealing up the tube; and fast enough to be 
complete in a reasonable time, for the needle valve was never so tight that 
the apparatus could be left overnight at 150 atmospheres without a fall of 
20 or 30 atmospheres. Also it was not possible to heat the tube to above 
70° without greatly increasing the risk of it bursting, and as it generally 
broke even at room temperature there was not much to come and go on. 
Many trials were made with ammonium chloride and sodium nitrite mixtures 
containing various acids. Acetic acid worked fairly well, but so much of it 
had to be added that the results obtained were inconclusive on account of 
the probably great increase it causes in the solubility of nitrogen. Finally 
the reaction between hydrazine sulphate, ferric alum and sulphuric acid was 
found to be exactly what was needed. 

Results, Only two successful experiments have been made as yet. A 
description of one will suffice to show the nature of the result. 3CC of a solu- 
tion containing about 6 percent hydrazine sulphate were mixed with 6cc of 
a solution containing, per loocc, about 8 g. cone, sulphuric acid and 40 g. 
hydrated ferric alum. This was run quickly into the vessel A, Then a few 
drops of water were added to rinse out the top of the capillary and make a 
clean seal possible. The tip was then closed and the pressure raised to 150 
atmospheres. A beaker of water surrounding A was next slowly raised to 
60® and kept at that temperature for 30 minutes and finally allowed to cool 
to room temperature. Finally after adjusting the lantern and the necessary 
screens etc., the pressure was suddenly lowered to i atmosphere. Bubbles 
rose from the sides and bottom immediately but none from the body of the 
liquid. 

It is not possible to determine the equilibrium pressure from the quantities 
of material used, since the effect of the various dissolved substances on the 
solubility of nitrogen is not known, but the following facts give information. 
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Two or three times during the cooling of the tube the pressure inadvertently 
fell to about loo atmospheres and a stream of very minute bubbles was seen 
slowly rising from a point near the bottom of the tube. This stream could 
be stopped by screwing the pressure up to 1 2 s atmospheres. This, of course, 
does not show that the equilibrium pressure is between 100 and 125 atmos- 
pheres, but it shows that it must be. at least 100 atmospheres. It is clear 
therefore that a liquid with a concentration of nitrogen corresponding to over 
too atmospheres can be brought to atmospheric pressure for an appreciable 
time without bubbles fonning in the body of the liquid. As stated in Part 
A one might expect supersaturation corresponding to 200 atmospheres to 
be about the limit that could be reached in glass vessels with walls free from 
imperfections. Unfortunately this pressure is so near the breaking point 
of the apparatus that we have not yet succeeded in determining whether 
bubbles form in the body of the liquid with this degree of supersaturation. 
To settle this our apparatus will have to be very considerably modified. 

C. Ultra-Microscopic Investigation of Capillary Tubes 

In' these experiments which are as yet quite incomplete, mixtures of hy- 
drazine sulphate and ferric alum similar to those used in Part B are drawn 
into a very fine, flattened capillary tube sealed horizontally to the pressure 
system just described. The mixture however in these experiments was 
coloured red by addition of a little ammonium sulphocyanate solution in order 
to make it easier to be sure it was in the tube. The tip of the capillary was 
then sealed off, the pressure raised and a dish of water kept at 60° brought up 
round the capillary for 30 minutes. After that the tube was cooled and dried 
and the microscope slid into position. The cover-glass, below which was 
the cedar oil in which the capillary was immersed, was supported on two little 
rods slightly thicker than the capillary, so that the microscope could be slid 
backwards and forwards to examine different parts of the tube, and could 
be slid completely away if it was necessary to heat the tube again or refill 
it. When the pressure is lowered the growth of the bubbles can be observed 
and it is hoped by this method to locate their position in reference to the 
motes visible on the surface of the glass. Although no breakages have oc- 
curred in the flattened capillary repeated accidents to other parts of the 
apparatus have prevented the completion of more than two experiments. 
In the first in which the concentration of nitrogen corresponded to about 70 
atmospheres, no gas bubbles appeared at all even after more than five minutes, 
which confirms and extends the result recorded in Part A. In the second, 
in which a stronger mixture was used bubbles had already formed when the 
tube was examined, though there were still long stretches of capillary with 
no bubbles. This result, however, is not free from objection for if the bubbles 
were formed before reduction of pressure this would cause considerable stirring 
of the liquid and the intermediate parts of the liquid might have lost nitrogen. 
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Summaiy 

1. Experiments have been made with water supersaturated with oxygen, 
carbon dioxide and nitrogen. 

2. Liquids have been saturated with gases at concentrations correspond- 
ing to pressures of over 100 atmospheres and the pressure has been reduced 
to one atmosphere without bubbles forming in the body of the liquid. Liquids 
containing gases at concentrations corresponding to nearly 100 atmospheres 
have been reduced to i atmosphere without bubbles forming even on the 
walls. 

3. As in the case of superheating of liquids there is, with rise in tempera- 
ture, a very rapid shortening of the time interval between the lowering of 
pressure and formation of bubbles, in spite of the fact that the absorption 
coefficient of the gas decreases but little with rise of temperature. 

4. Colloidal platinum in solutions supersaturated with oxygen is favour- 
able to the formation of bubbles, but it rapidly loses its effectiveness. 

5. A long heating of the tube containing the solution at a high pressure 
was found to favour supersaturation. 

6. Although carbon dioxide is nearly 30 times as soluble as oxygen the 
average time interval before bubble formation is about the same for the two 
gases, at the same temperature, when the supersaturation corresponds to 
the same equilibrium pressure. 


Chemical Department^ 
Univerfiity ojf Toremin, 
June 14 th, 1924. 



ON THE REACTIVITY OF SOLID PHASES' 

BY J. ARVID HEDVALL 


A. 

A Survey of Earlier Works 

In every chemical reaction it is a necessary condition that the particles, 
which are going to form new molecules, possess some degree of mobility. 
When two substances, the particles of which can form a chemical compound, 
are mixed together as a powder, tliere is such a comparatively thick layer of 
gas or such a small contact-surface between two adjacent grains, that the 
chemical attraction is generally not able to act. But even if the layer of gas 
is removed, or the contact otherwise is made better, the forces of affinity will 
have much difficulty in forming the compound in question, because they must 
overcome the forces, which hold the particles bound at definite points of 
the space-lattices. Even in mixtures where this is possible, the compound 
produced will in most cases very soon prevent the continuation of the chemical 
process by (‘overing the grains with impermeable films. It is accordingly 
not surprising that chemists of the past century set up the rule: Corpora non 
agunt nisi fluida. Towards the end of the past century however, chemists 
had accustomed themselves to look upon matter and its transformations in 
agreement with the kinetic theory. Thus it became evident, that a sort of 
mobility must be attributed even to the particles of solids. At certain points 
they are able to leave their normal ranges of oscillation and move over into 
the range of attraction of other particles, either of the same crystal or of such 
an adjacent substance producing diffusion or formation of compounds. 

Faraday, working with iron and platinum, was the first really to show, 
that layers of alloys are slowly formed even at comparatively low tempera- 
tures, when pieces of the metals were pressed together. After him many 
other relevant observations have been made, of which the classical experiments 
by Roberts-Austcn,2 on the rate of diffusion between gold and lead, ought to 
be mentioned. He observed, that already at ioo®C after 30 days the gold 
had diffused against gravity in amount easily determinable. During the 
decades of 1880 and 1890 W. Spring* published a number of papers on the 
same phenomenon, as well in metallic systems as in other mixtures. Working 
with very high pressures he showed, that the increased contact-zone con- 
tained small quantities of the reaction product formed. He also attributed 

' This paper contains a survey of the author^s partly published results relating to his 
investigations in connection with these matters from about 1912 up to the present time. 
The author has however found it expedient to bej^in with a short summary of the earlier 
most important results in this line, being the basis upon which he has tried to continue 
building. 

» Proc. Roy. Soc. 59 , 283 (1896). 

* Bull. Acad. Roy. Belg. and Z. physik. Chem. 
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to the pressure a certain influence on the reaction, facilitating the formation 
of those reaction-products which possess a smaller molecillar volume than the 
original substances. This point of view has also been of great importance 
to the comprehension of the formation of secondary minerals in pressed rocks. 

At the end of the past century a new auxiliary science — metallography — 
began to be abstracted from physics and chemistry. By means of suitable 
furnaces, thermoelements and microscopes the method of thermal analysis, 
elaborated by Tammann, showed the prevalence of changes in solid metallic 
systems.^ A great number of investigators have shown later, that reactions 
of each of the following three classes occur with sufficient rapidity to be 
easily observed and objectively studied; in many cases however the reaction 
heat is too small to make itself visibly felt on the heating curves : 

X. On cooling, some solid solutions can form such solutions of another 
composition, e.g. the system (\i-Zn. The diagram shows two gaps- of con- 
centration for the ('u-Zn-mixed crystals. One of them runs between 30-37% 
Zn at QTo°C. At 4oo°(.' this interval is displaced to 3 7-4 5 ^’7 Zn, the solubility 
of Zn in the mixed crystals, which are rich in Cu, having namely been increased 
by lowering the temperature. 

2, A change of a solid solution can take place, when one of the components 
sufTers allotropic modifications, e.g. the Fe-O-system,'^ where on the cooling- 
and heating-curves discontinuities appear, corresponding to the transition- 
points of iron at 1410®, 890® and 77o®(\ 

3. A chemical compound can be formed or decomposed, e.g. in the system: 
Mg-Sb.^ On the heating-curves the temperature rise already at 28o°C begins 
to be acceku-ated, corresponding to the formation of Mgs 81)2. This tempe- 
rature is 3 io®0 below the lowest eutectic point. 

The phenomena, which in the literature have been brought together as 
recrystaUimlion^ also prove, that solids must not be looked upon as entirely 
stereotyped structures. At normal temperature however the mobility of the 
particles is generally far too small to enable the formation of compounds or 
solid solutions in a reasonable time, a fact already appearing from the re- 
search made by Roberts-Austen. Further, Masing,® carefully examining 
the results of Spring, showed that mixtures of metal-powders which have 
been pressed t.ogether at very high pressures, contained no other substances 
than the original ones, when the mixture had not been heated. Thus he 
found for instance, that mixtures of Bi and T 1 powders, having been com- 
pressed at 5000 atm., at normal temperature first showed after about one 
year the blue contact film of mixed crystals, which was visibly formed in five 
hours at i2o®C. In most mixtures the temperature must he still further 

any treatise on Metallography and Desch: Report on Diffusion in Solids, Brit. 
Assoc. Adv. Sci. (1912). 

* Shepherd: J. Phys. Chem. 8, 421 (1904). 

* cf . any treatise on Metallography. 

* Masing: Z. anorg. Chem. 62, 279 (1909). 

^Masing: Die Naturwissenschaften, 1923 , 413. 

®Z. anorg. Chem. 62 , 265 (1909). 
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raised before any noticeable quantity of the reaction-product is fonned* 
But there are indeed also examples which prove, that in some cases the mobil- 
ity of the particles even at normal temperature is sufiScient to bring about 
changes in the mixtures. We know for example that the recrystallization 
of Sn begins already at 4S®C.^ In order to give an idea of the change of the 
diffusion of metals into each other by increasing the temperature the following 
determinations of their diffusion-coefficients may be mentioned. 

Au in Ag* 

- ori. constant temperature 

70 .0.000037^1^ (475®C) Weiss and Henryk 

measured the thickness of 
the diffusion zone between 
pieces of Ag and Sb, which 
were pressed together vari- 
ous times: 

after 2 hours 0.38 mm. 

“ 12 0.08 “ 

72 “ 2.15 “ 

360 4.90 

With the exception of these transformations in metallic systems and the 
very slowly occurring imitations of mineral changes in stiff magmas^, there is 
very little known about chemical changes between solid phases. Before 
describing the most characteristic cases of real chemical reactions of this sort, 
which were known up to about the beginning of the second decade of this 
century, it may be mentioned, that solid solutions or mixed-crystals have 
been produced also in non-metallic systems. Bruni and Meneghini®, for 
instance, succeeded in the formation of KCl— NaCl mixed-crystals of the same 
properties, as if they had been produced by melting and freezing. They 
heated these sort of mixtures above 4oo®C, but below the eutectic point 6s4®C 
of this system. The rate of diffusion became observable at about 5oo®C. 
Other relevant observations have also been made in other systems of inorganic 
salts and organic substances after the classical work of van’t Hoff^. The 
interesting investigations on the electric conductivity of solid solutions may 
be cited, especially as they have also been of great practical importance. Frit- 
sche® dealing with oxides and haloid-salts, observed in 1897, that the electrical 
conductivity of these compounds was at low temperatures, very small if the 
compounds were entirely pure. But small quantities of those substances, 

^ cf. Masing: Naturwissenschaften, loc. cit. 

* Roberts- Austen: loc. cit. 

^ Franckel and Heuten: Z. anorg. Chem. 116 , i, (1921). 

* Compt. rend. 174 , 1421 (1922). 

* cf. Liesegang: “Geolog. Diffusionen^’ (1913) and Endell: N. Jahrb. d, Mineralogie, 
Geologic (1913): II, 129. 

« Atti. acc. instit. sci. Veneto 1911 - 12 : II, 195. 

’ Z. physik. Chem. 5 , 322 (1890). 

® Wied. Ann. 60 , 300. 


Au in Pb* 

ioo®C: 0.00002 cmVday 

i6s®C:o.oo4 

2oo®C:o.7 
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with which solid solutions can be formed, are able considerably to increase 
the electrical conductivity. At a certain temperature it increased from value 
a for pure PbFs to 8000 for a solid solution of 2% KF in PbFa. Similar 
results have been obtained with the solid solutions of those oxides of the rare 
earths which are used in the Nernst lamp.^ 

The first real chemical reactions between solid non-metallic phases, which 
were methodically studied, are described by Spring^ 1884 and 1885. The 
most typical results of his works concerning this subject may here be men- 
tioned. Proceeding from the knowledge, that the soluble sulphides are very 
easily formed, Spring pressed together at 6500 atm. powders of such metals 
and sulphur, took the mixture out of the press, crushed, ground, pressed 
once more and so on. Thus he found, for example, that a compressed piece 
of Ag and S contained after one, two, four and six consequent pressings respec- 
tively 4, 51 ; 12, 43 ; 46, 74 and 69, 4%. Ag2S. In this as well as in other rele- 
vant series it is striking, that the quantity of the reaction product is smallest 
after the first compression. Probably the subsequent grindings have given 
a finer powder than in the original mixture. The great importance of the 
impermeable films, which must have been found round the grains by the 
reaction substance, appears from the following data. An analysed mixture 
of Cu and S contained after the first compression of 8,49% CuS and after 
being ground and compressed once more 16,95%. Another time the same 
mixture with 8,49% CuS remained in the press for four years. The analysis 
gave hardly 4% more CuS than in the mixture, twice compressed and ground. 
Each compression seems to have lasted a few hours. In this way Spring 
produced a great number of sulphides, arsenides and tellurides. One further 
experiment may be mentioned.* He pressed together at 6000 atm. very 
finely ground, carefully desiccated mixtures, partly 

of I BaS04-f-3 Na2C08 and partly 

of I BaC 08+3 Na2S04 

His results appear from the following table, where the progress of reaction 
is indicated in % of the theor. complete process. 



Number of compressions 

a few hrs. 

7 days 

14 days 

21 days 

28 days 


I 

6000 atm. 

0,94 

1,60 

3.08 

3^94 

3.84 

3 

6000 

4,78 

00 

9,01 

— . 

9.15 

m + 

6 

6000 “ 

8,99 

9.94 

10,89 

— . 

1 1, 08 

+i 

I 

6000 “ 

59.16 

63.91 

64,66 

— . 

— 


3 

6000 

69.25 

74.98 

77.38 

— . 

— 

a 

6 

6000 

73.31 

80,68 

80,31 

— . 

— 


The reaction-process thus approaches in both cases a state of equilibrium. 
One fact however makes it problematical, whether the reactions really occur 
without influence of a liquid phase. Repeating the experiment at 120® he 

^ cf. Reynolds: Dissert. Gottingen (1902). 

>Bu11v41,492. 

* Bull. 44 | 166; 46 , 299. 
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found that the quantities of the reaction-products were smaller. This mak^ 
It possible that the Na2C08 and Na2S04 during the repeated grindings and 
mixings have absorbed moisture from the air. 

The chemistry of silicates brought the next advance after Spring, as to 
the reactions in solid mixtures of 'liorganic compounds: Cobb', 1910, studied 
the reactivity in mixtures of CaCOs and Si02 at various temperatures. He 
found the following quantities of CaSiOa formed in % of the theoretically 
complete reaction. 

After 28 hours at 8oo°C 2,5% 

I iioo^C 5,8% 

“ I I200®C 14,4% 

Similar results were also obtained in various mixtures of CaO, Na20, AUOj 
and Si02. He always found that the temperature exerted a much greater 
influence than the time, just as also was stated in the metallic systems and 
generally also in the mixtures investigated by Spring. Cobb did not however 
go the whole way, explaining these phenomena as real reactions between solid 
phases. Instead of this a ^^quasi vaporous film^^ of the reacting substances 
was assumed. Similar results were also obtained by PmdelP on heating 
mixtures of MgO, ZnO and BaO with Si02 or AUOs. — In analogy with the 
researches of the phenomena of recrystallization in metals cited such in- 
vestigations have been made and with analogous results in systems of inor- 
ganic salts.* 

From the historical summary we have seen, that this branch of chemistry 
is still in the period of its very first growth. We can at least partly explain 
this as follows: It is evident, that the investigators in the first place directed 
their attention to the mechanism of the reactions in homogeneous systems, 
when a claim to a deeper comprehension of those phenomena began to make 
itself felt, yfe know, that these problems have been of a sort, that has en- 
tirely absorbed all the great work, that has been placed at it disposal. We 
also know, that first in recent time we became able — and still very imper- 
fectly — to survey the conditions in systems, where one solid phase is reacting 
with liquid or gaseous phases. In consideration of this, that the real and 
necessary foundation for a rational penetration of the mechanism of reacting 
solid phases was laid first by the splendid works of v. Laue and of W. H. Bragg 
and W. L. Bragg. We are, however, still very far from mastering reactions of 
this sort in such a manner as in the homogeneous systems. Dealing with 
the solid state of matter we have to pay regard to many important factors 
as transition-points, size of the grains, impermeable films and so on. But 
even when the influence of all these and many other factors is cleared up, 
we shall not be able completely to survey these phenomena, before our 
mathematical physicists and crystallographers have learned to know the 
particulars of the conditions of oscillation in the space-lattices. Till that 

^ J. Soc. Chem. Ind. 69 , 250, 335, 399, 608, 799 (1910). 

*Z. arigew. Chem. 1913 , 582. 

®cf. Binne and Booke: Min. petrogr. Mitt. 27 , 393 (1908). 
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time chemists have to produce and systematize the necessary material. — ^The 
last few years have already given us a very great number of extraordinarily 
interesting results in this line. Thus, through the joint work of mathe- 
maticians, physicists and crystalllographers and chemists, a beginning has 
been already made in laying a solid foundation, upon which the future chem- 
istry of solid phases will be built. It would however carry us too far to give 
here a survey of these works, which are still somewhat hard briefly to sum- 
marise and to judge from this point of view. 

B. 

A Survey of the Author’s Results 

In the following pages I have summarized some characteristic examples 
of my experiments during ten years study of the reactivity of matter in the 
solid state. 

In a few words they can be summed up as follows: 

I. An application of thermal analysis is able to give very reliable informa- 
tion of eventual reactions also in pulverulent non-metallic mixtures. 

II. Many oxides of metals have proved to be very reactive substances 
in forming not only solid solutions, but also compounds with each other at 
comparatively low temperatures and often at a surprising rate. 

III. In many cases the temperature of thermal dissociation (p== 760 mm.) 
can be easily determined, 

IV. The influence of the magnitude and form of the grains and of the 
^prevention films'’ on the reaction process has been observed and prelimi- 
narily studied, 

V. The obvious difference in chemical and physical properties, that verj^ 
often can be observed for a great number of metal oxides according to their 
various methods of preparation follows from a different crystallographical 
development of the surface, but not from different space-lattices. These 
were unaltered in spite of very different methods of preparation of the oxides. 
In cases, where really different modifications exist, their different reactivity 
can be shown with help of heating-curves. 

VI. Many reactions, which occur with astonishing intensity have been 
found, and preliminarily studied, in mixtures of peroxides with oxides or 
other peroxides. 

VII. A new class of reaction between solid phases: 

MeO-fMAc — MeAc+MO+Q; 

has been discovered. MeO and MO are metal-oxides of which MeO must 
be more basic than MO. MAc and MeAc are salts of an oxygen acid, and Q 
is the heat of reaction. 

I 

When heating a solid, in which neither chemical reactions nor any change 
of state takes place, the heating-curve will run without discontinuities, being 
a logarithmic one. But this regular form disappears, when the heating in- 
volves any sort of molecular change. Changes, corresponding to an absorp- 
tion of heat, appear on the curves as arrests, whilst reactions, which are 
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accompanied by a development of heat, will be indicated by the curves 
suddenly ascending more steeply. In demonstrating the properties of alloys, 
this method has for a long time fdready been generally used. Without having 
been really tried, the method however was looked upon as quite impossible 
for pulverulent non-metallic mixtures, because of their small conductivity of 
heat and above all because it was assumed that the rate of the reaction was 
too inconsiderable. Taking precautions however, as follows, we shall find, 
that the heating-curves, which are erected by observing the thermoelement 
every lo seconds, very truly record the changes in the mixtures. 

The thermoelement must be placed in the centre of the mixture, and the 
quantity of the powder must be adjusted to the kind of reaction in question. 
The heating must be gradual and regular. In a system, where the reaction 
occurs accompanied by a great reaction-heat, the initial temperature — i.e. 
the temperature, corresponding to the visible beginning of the reaction — 
would be noted too low, when the mixture was rapidly heated, and this value 
would be still further lowered by taking a greater quantity of the reaction- 
powder. In mixtures, where the reaction is accompanied by a smaller re- 
action-heat, these factors are of less importance. Accordingly in studying 
the reactions:^ 

a) Ba0-t-CaS04=BaS04+Ca0-f 46 kgcal. 

b) Ba0-t-SrS04«“BaS04+Sr0-f II kgcal. 
the following initial temperatures (t)® were observed : 

a) i6®C per 6®C per 3®C per 

10 sec. 10 sec. 10 sec. 

t- 354 "C 36o®C • 37 o"C 

b) 2o®C per i2®C per 4®C per 

10 sec. 10 sec. 10 sec. 

t= 368®C 369*^0 372®C 

Taking about 0,2 gr. of the reaction-mixture and heating with a rate of 
from I to 3®C per 10 sec. the initial temperatures recorded will however agree 
very well with each other. In cases of very small reaction-heats (about 
under 5 kgcal/mol.) it may sometimes be necessary to take a greater quantity 
of the powder or to press a pastil in order to increase the contact between the 
two components. The effect on the curve can also in such cases sometimes 
be increased by joining another reaction to the original one, for instance* 
MgO+CoS04 = MgS04+CoO+i,5 kgcal. 

This small reaction-heat does not make itself felt on the heating curve, but 
when the reaction is allowed to occur in oxygen, the secondary reaction: 

CoO+-^02= — C03O4+21 kgcal. occurs, accompanied by a considerable de- 
o 3 

velopment of heat. 

* cf. Z. anorg. Chem. 128, 4 (1923), (together with Heuberger). 

* loc. cit. 
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IP 

Mixing powders of CoO (Co«04 or CoCOa) and ZnO in order to investigate 
the chemical character of Rinman's green^^ it was found that the green 
substance was very rapidly formed by heating the powder at about 8oo°C. 
The analysis showed, that the substance was to be regarded as mixed-crystals 
of a zincate of CoO and ZnO. The known examples of such mixed-crystals 
between metal oxides, being at that time (1912) very rare, the investigation 
was extended to other reactions between CoO, or NiO, and other metal oxides. 
In many cases an unexpected rate of the reaction was observed. (Later (cf. 
VI. and VII.) reactions between solid phases of extraordinarily greater rate 
were found). Heating the mixtures at about 8oo°C chemical compounds as 
well as mixed-crystals were formed in a few minutes to a surprisingly great 
percentage, even without stirring the mixture. Mixed-crystals were formed 
of CoO with MgO, ZnO (CoO * ZnO), MnO and NiO; and of NiO with MgO 
ZnO (NiO ZnO), Mno and CoO. A very great number of compounds were 
observed, of which only the following became isolated: 

CoO • AI2O3, ‘ 4 CoO -3 Al203,Co0 • Cr208,2Co0 • Sn02,CoO • T02O5; NiO • 
AUOj; • 2NiO • Sn02; CuO • ALOs.^ 


Ill 

With the help of this method of heating-curves we are able to take a rapid 
survey of the conditions of the thermal dissociation of a chemical compound. 
In many cases we are also in this very convenient manner able to determine 
exactly the dissociation-temperature corresponding to a certain pressure — 
for inst. one atm. The dissociation generally occurs more rapidly and at 
a lower temperature the more volatile the acid anhydrous oxide is and the 
less positive the basic oxide is. Thus for instance, CaCOs dissociates at a 
much greater rate and at a lower temperature than CaS04 and BaCOj. The 
heating-curves of CaCOs show perfectly horizontal arrests at 9i8°C,5 cor- 
responding to a C02-pressure of 760 mm. The corresponding temperatures 
of CaS04 and BaCOa are >io6o® and about isdo^C.** Another example of 
such a determination is presented by the reaction: 

C0804==3Co 0+ O2 at 9i2®C (Pc,= i atm.)® 

A sharp determination of an equilibrium temperature of this kind is of course 
only possible in those cases where the dissociation occurs rapidly giving 
perfectly horizontal arrests on the heating-curve. The precautions, men- 
tioned in I and II must of course be followed. 


* cf. the author’s dissertation: tJber Eeaktionsprod. vonCoOmit anderen Metalloxyden. 
Upsala (1915 and Z. anorg. Chem. 86,201; (1914); 86, 296 (1914); P2, 301 (1915); ^>2, 369 

W, 381 (1915); 93 , 313 (1915); 103 , 250 (1918). 

•together with Heuberger: Z. anorg. Chem. 116, 137 (1921). 

* Z, anorg. Chem. 98 , 47, (1916). 

* Z. anorg. Chem. 128 , 7 » (1923). 

*Z. anorg. Chem. 96 , 64, (1916). 
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There are however some more facts, which we must consider, in deter- 
mining these temperatures and especially of course, when we are going to fix 
a real equilibrium temperature. These factors are mentioned in IV. 


IV 


a). The Magnitude and Form of the Grains 

By the rate of a reaction^ we mean the number of molecules of the reaction 
product formed per unit of time. Regarding this, the rate of a reaction must 
depend upon the contact-surface of the components and consequently be 
the greater the smaller the average diameter of the grains. This means, 
that the minimum rate of a reaction, necessary for its observation, will, in 
fine-grained mixtures, be arrived at — and be consequently indicated on the 
heating-curves — at a lower temperature than in a coarser grained mixture. 
This appears very obviously from the following table.^ 


Kind of reacting substance Reaction 

C08O4, made of pyrophorous CoO, oxidized 
by the air. An extremely fine-gi'ained, light 
brown, loose powder. 


Observed 

temperature 

9I2®C. 


C03O4 made by heating C0CO3 at 450^0. The 
product is darker and less fine-grained than 
the former. 


C03O4 ~ 3CoO-h 
HO2 


d22®C.^ 


C08O4, made by heating Co(N08)2 at 45o®C. 
The powder is black and coarse grained. 


952^C.* 


Accordingly a laminated powder also will prove more reactive than one 
of equally developed grains. As to the solubility of a solid substance in 
acids, this could be very obviously shown by comparing the decidedly lami- 
nated Fe 203 , which is made by heating any sulphate of Fe, with a FcaOs 
preparation of any other origin. The latter are all more or less spherical and 
accordingly of a less development of surface. This spherical, inactive sort 
of Fe208 can also be obtained from the ^‘sulphide-oxide^ ^ by heating it above 
about iooo°C. The effect of the heating involves a change of the form of 
the grains, the laminae gradually becoming spherical.® The influence of this 
heat-shrinking in diminishing the reactivity can also be demonstrated as to 
solid phases and their reactions. Thus the horizontal intervals of the heating- 
curves on heating of the following C08O4— preparations were found to be the 
higher the longer the substance was heated: 

00304:^1^3 CoO + /^ 02 ^ 

C03O4 heated in N2 at 8oo°C about 15 min.: t = 946*0.*^ 

C03O4 heated in N2 at 8oo®C about 30 min.: t^psp^C, 

^ The isothermal reaction rate is of course otherwise defined. 

* These temperatures are of course not equilibrium temperatures. 

* Z. anorg. Chem. 121, 217, (1922). 

^ Z. anorg. Chem. 96 , 68, (1916). 

* These temperatures are of course not equilibrium-temperatures. 
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A similar change of the reactivity of C03O4 with AljOa in the formation of 
CoO-AIjOa could also be observed.* — Thus it is evident, that the visible 
beginning of a reaction not only depends upon the quantity of the substance 
in question and the manner in which it is heated (cf. p. 1324), butalso upon the 
form and magnitude of the grains, which have a great influence upon the 
reactivity.® Taking precautions in regard to the first two factors as is 
mentioned above and working with powder-mixtures, which have been even 
ground in an agate-motar, the several determinations will however differ 
very little from each other, i.e. wc are able to obtain results capable of being 
reproduced. No other general rules can be laid down for investigations of 
this sort. Every special case generally requires its particular precautions, 
and these will easily be found after the construction of a couple of heating 
curves. 

b) When heating such mixtures, it is however impossible to obtain a 
complete reaction. A smaller or greater quantity of the components will he 
left after the first heating and will react first after being once more ground 
and mixed. The second amount of the formed reaction product is smaller 
than the first one and so on. Accordingly on the corresponding heating- 
curves a still smaller effect will be observed, but it is however generally 
indicated on the second and in cases of great reaction-heat even on the third 
and fourth curve. 

These observations prove very clearly, that the reaction is brought to 
a stand-still owing to impermeable films of the reaction-product, which are 
formed between the reacting grains. When the mixture is ground once 
more, these films will be destroyed and a contact between the reacting com- 
ponents will be formed afresh. In systems, where the reacting occurs at a 
very great rate, e.g.® Ba0+CuS04 = BaS04+Cu0+68,4 cal, it seems 
however as if the ^‘prevention-films’^ in question will not have time enough 
to form impenetrable layers. When heating this mixture, reactions up to 
about 88% occurred in a fraction of a second. In mixtures however, where 
the reaction occurs more slowly, they are of greater importance. Already 
the reaction:® 

CaO +CUSO4 = ( 'aS()4+ CuO +22,4 kgcal. 
gave after the first heating only 60%; reaction-product and after grinding 
and mixing once more 70%. When heating extremely slowly (about 0,1° per 
10 sec.) a system, in which the reaction occurs comparatively slowly, (which 
besides is possible only in systems of small reaction-heat) the temperature 
of the beginning of the reaction may be invisible on the heating-curve, being 
however clearly visible at normal heating-rate (1-3° per 10 sec.). Heating 
so very slowly the reaction begins and continues very slowly, and, accordingly 
the reaction-product will have time enough to form a more and more thick 
and coherent layer between the grains. Thus the reaction in this manner 
is already brought to an end by a very small and slowly formed quantity of 
the reaction product. 

* Z. anorg. Chem. 71, (1916). 

* cf a later study of Hmshelwood and Bowen: Phil. Mag. 1920, 569. “ 

’ Z. anorg. Chem. 128, 9 (1923). 
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The various reactivities of the different states of modification of a solid 
can also be studied in the same way, the sudden increase of the temperature 
of the heating-curves at the reaction-temperature being much greater for an 
unstable modification than for a stable one. The following example may be 
mentioned.^ Two mixtures were made; the one of CaO+amorphous SiO^ 
and the other of CaO+christobalite. The first was heated up to and 

the other up to i4io®C. The amorphous SiOz had thereby reacted to 6,9% 
and the crystallized to 0,6. Similar results were also obtained in other sys- 
tems. 

The known different properties — ^also the reactivity, following from dif- 
ferent manners of preparation — of a number of metal oxides investigated do 
not however depend upon any difference in the state of the modification, 
but only upon the development of surface as above described. With the help 
of the method of Debye and Scherrer it was shown that the space-lattices 
of these metal oxides were the same in spite of a great number of different 
methods of production. For instance, 27 different preparations of Fe^Os 
gave an identical X-ray-diagram.^ 

VI 

Reactions of great intensity have been observed on heating mixtures of a 
peroxide of the alkaline earths with other oxides. Up to now these reactions 
are however only superficially described.® On heating Ba02 together with 
one of 35 oxides examined, generally a very intense reaction sets in, accom- 
panied by an active development of oxygen from the Ba02, at a temperature 
some hundred degrees below the dissociation temperature of Ba02, which is 
about 8oo°C at 760 mm. In cases, where the oxide can be oxidized, e.g. 
Cu20,Mn0,Mn02 and Cr203 such a development of oxygen however was not 
observed, if the mixture had been made in agreement with the corresponding 
formulae; 

Ba02+Cu20 = aCuO+BaO. 

2Ba02+Mn0 = BaMn04+Ba0. 

Ba 02 + Mn 02 = BaMn04. 

3Ba02+Cr208 == 2BaCr04+Ba0. 

Every oxide, that is an anhydrous acid oxide, in the existing or any higher 
degree of atomicity, reacts with Ba02 forming a salt. Only three oxides were 
totally inactive: Sn0,Sn02 and Zr02. The reactions between Ba02 and 
other oxides, e.g. MgO,CaO,CuO,CdO are harder to imderstand. The 
development of oxygen at relatively low temperatures gives the impression 
of a catalytical decomposition. Neither these reactions nor the reaction of 
Si02^ with Ba02 can however be looked upon as catalytic phenomena, assum- 
ing 8oo®C to be the dissociation temperature of Ba02 (760 mm.). It is 

^ Z. anorg. Chem. 9S, 57 (1916). 

*Z. anorg. Chem, 120, 327 (1922). 

>Z. anorg. Chem. 108, 119 (1919), (together with N. v. Zweighbergk). The reaction 
temperatures, noted in this paper are all too low, because we were not at that time conscious 
of the great importance of the rate of heating, (cf. p. 1322). 

*Z, anorg. Chem. 104, 163 (1918). 
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necessary to assume, that a real reaction between the two oxides takes place, 
forming an unstable intermediate product, which afterwards easily decom- 
poses. 

Something like that may also occur on heating mixtures of the peroxides 
with each other. The astonishing intensity of these reactions can in some 
cases be of an almost explosive character. A compound of such an inter- 
mediate kind, that afterwards decomposes extremely rapidly, is e.g. indicated 
in mixtures of BaOs and Na202, where something like a fulmination takes 
place, only if the mixture is prepared after the following molecular proportion: 
3Ba02+Na202. 

My purpose is, of course, to investigate these reactions more closely. 

VII 

It seems that specially great interest ought to be ascribed to that new 
class of reactions, the first examples of which are published in two earlier 
papers under the title: ^'Transference of Acid Between Solid Phases.^^ ^ 

In general we can characterise these reactions as follows (cf. pag. 1321): 

T, A reaction takes place, when Q means a development of heat. 

2) The intensity of the reaction is the greater, the greater Q is. 

3) The reaction temperature is higher the less basic the oxide (MeO) is. 
BaO accordingly reacts at a lower temperature than SrO and SrO lower than 
CaO. (As to the influence of the salt cf. below.) 

4) The mechanism of the reactions cannot be explained by assuming a 
gaseous phase of the anhydrous acid. 

5) The baking-together of the mixture after the reaction is a pure result 
of the reaction; the harder the mixture is baked together, the more completely 
the reaction has occurred. The table contains some of the most important 
data of two of the hitherto most completely investigated systems of several 
carbonates and sulphates. 

Even the reactions, the intensity of which is assigned as "small'^ in the 
table occur in one or a few seconds, until they are stopped by the impenetrable 
films of the reaction-product formed. 

In the inverted mixtures, for instance, Cu0+CaS04, no reactions occur. 
Accordingly there was also no *'baking-together^' in these mixtures not even 
after heating them to much higher temperatures than in the reaction-mixtures. 

The table shows very obviously, that every oxide is characterised by a 
relatively very small interval of reaction-temperatures, i.e. e.g. BaO reacts 
with all sulphates in the same interval. (These temperatures are besides 
not very different from the temperatures, at which BaO reacts with carbon- 
ates. Later researches will show more clearly the influence of the anion on 
the temperatures in question.) These intervals are however for the special 
oxides very different and differ from each other about 80 — ioo®r. 


1 Z. anorg. Chein. 122, 181, (1^22); 128 , 1 (1923), both together with J. Heubergor. 
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There is accordingly no relation between the dissociation temperature 
(760 mm.) of a salt and its reaction temperature with one of the oxides in 
question. (Concerning an influence of the metal of a salt, cf. p. 1328,) 

These facts can in bold outlines be e^^plained as follows: We know, that 
many oxides and above all those of the alkaline metals and alkaline earths 
absorb anhydrous acid oxides, e.g. CO2 with great intensity from the air. 
Our reactions show, that this tendency is so decided, that these oxides (BaO,- 
SrOjCaO . . . ) are able to attract the atom-groups in question even from 
such solid compounds, where they exist or can be formed, e.g. CO2 from 
carbonates, SOa from sulphates, P2O5 from phosphates, etc. But the tempe- 
rature must of course be sufficiently raised, corresponding to a necessary degree 
of mobility of the reacting space-lattices (oxide and salt). In analogy with 
the fact, that for instance BaO absorbs SOa more intensely than SrO and SrO 
more intensely than CaO, the reaction temperature, with, for example, CUSO4, 
must be lower for BaO than for SrO and lower for SrO than for CaO. We 
can imagine this process by looking upon the conditions in accordance with 
the following rough picture. With regard, for example, to SO3, the affinity 
of BaO is stronger than that of SrO and so on. Accordingly SrO requires 
greater amplitudes in the SO 4-group of a sulphate than BaO, and CaO greater 
than SrO, in order to be able to break loose the attainable three 0 -atoms and 
one S-atom, i.e. the temperature at which BaO decomposes, for instance, a 
sulphate must be lower than the corresponding temperatures with SrO and 
CaO. The fact, that the reaction interval is only in a smaller degree for a 
special oxide and a special salt type dependent of the cation, and of the dis- 
sociation temperature (760 mm.) of the salt, includes the certain proof that 
the reactions have nothing to do with a gaseous phase. 

Thanks to the investigation of Schaefer and Schubert,^ we now know that 
the anions (SO4, CO3 . . . ) of the salts are to be looked upon as systems, in 
which the oscillations in question occur without influence from the metallic 
component. Our experience is evidently in the best accordance with this 
result. 

If this interpretation is true then, a transition of a salt, of course producing 
a radical displacement of the space-lattice and accordingly exposing the particles 
to po^vers of affinity, must bring about a change of the normal reaction tempera^ 
tures of this type of salt. It is probable, that the reaction-temperatures and 
the transition points will nearly coincide for those oxides, which normally, i.e. 
with salts of the same type, react at temperatures above the transition points. 
Accordingly it was found that AgNOa with its transition point at i6o®C reacts 
with BaO, SrO and CaO at 169, 172 and i7o®C respectively. Ag2S04 has a 
transition point at 412*^0. Since this temperature is higher than the normal 
reaction temperature of a sulphate (cf. the table) with BaO, but lower than 
the corresponding temperatures with SrO and CaO this is in the very best 
accordance with our considerations, that BaO reacts normally at 342®C but 
SrO and CaO both at 422®C. 


® Ann. Physik (4) 1916, 283. 
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According to these considerations, it would at first appear probable, that 
the reaction temperatures of an oxide with the different members of a salt 
type would coincide perfectly, not forming an interval as they in reality do. 
The occurrence of an interval can however be explained as follows: The re- 
corded temperature is nothing but the temperature at which the reaction 
occurs with a sufficient rapidity for the corresponding reaction-heat to be 
observed on the heating-curve. If we keep for instance, to the system of BaO 
and CUSO4, it is accordingly necessary that a certain minimum number of 
the SO 4-groups — dependent upon the reaction-heat — are decomposed by BaO 
per unit of time. But the rapidity with which this occurs, is undoubtedly 
quite individual for the different sulphates. A sulphate, the SO 4-groups of 
which permit a slower distribution of the fragments moving over to BaO, 
must accordingly react at a higher temperature, than a sulphate, in which 
the process in question occurs more rapidly. These conditions are after all 
probably closely related to those, occurring at the general thermal dissocia- 
tion, which, as known, takes place with a rate typical for each member of a 
salt-type (cf. p. 0000,0000). This difference in rapidity is probably a function 
of the metallic component of the salts. For the reactions in question it is 
also the sulphates of the most positive metals, which react at the highest 
temperatures (Ba0+SrR04:372°; NaO-|-CaS04:37o®, Na0+MgS04:369®, 
but BaO+ for instance, ZnS04:34i°C). It is accordingly possible that the 
different temperatures of the intervals show the influence of the positive ions 
of the salts. 


System 

BaO+RrCO,- 
BaCO,+ SrO. 

Reaction- 
heat 
kg. cal. 

6 , 5 . 

Intensity 

very 

small 

Temp. (C) of 
the beginning 
of the reaction. 

398° ± 5 - 

Temp. (C) of 
the dissoci- 
ation of: 

BaCO, 
about 1360.® 

The highest 
temp. (C) of 
the experim. 

410.® 

BaO+CaCO,= 

BaCO,+CaO. 

42,0. 

great 

344 ° ±2. 

SrCO, 

about 1141.° 

36 o^ 

BaO+MKCO,= 

BaCO,+MgO. 

35,9- 

great 

34 S°± 5 - 

CaCO, 

916.° 

380.® 

Sr0+CaC03= 

SrCO,+CaO. 

35,5- 

great 

464° ±4. 

MgCO, 
about 546®. 

480®. 

SrO+MgCO*s= 

SrCO,+MgO. 

29,4. 

small 

456° ± 4 - 

BaSO,. 

1300®. 

0 * 

0 

CaO+MgCO,- 

CaCO,+MgO 

9 , 3 - 

very 

small 

523° ±1- 

SrSO,. 

>1130°- 

S 3 5 °. 

BaO+ SrSO, *= 
BaS04+Sr0. 

11,4. 

small 

372° ±a. 

CaSO. 

> 1060®. 

490®. 
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BaO+CaSOi" 

BaS04+Ca0. 

46,0. 

great 

370® ±6. 

MgS 04 

>940®. 

450 ®. 

Ba0+MgS04== 

BaS04+Mg0. 

54 , 8 . 

very 

great 

369® ±1. 

ZnS04 

>830®. 

440®. 

BaO -f- ZnS04 == 
BaS04+Zn0. 

69,7. 

very 

great 

341° ± 5 - 

C0SO4 

>740®. 

440®. 

BaSO+CoS04“ 

BaS04+CoO. 

56,3- 

very 

great 

328® ±14. 

CUSO4 

>660®. 

440®. 

Ba0+CuS04= 

BaS04+Cu0. 

68,4. 

very 

great 

346® ±0. 


00 

0 

0 

Sr0+CaS04= 

SrS04+Ca0. 

34 , 7 - 

small 

451° ± 5 - 


540®. 

Sr0+MgS04« 

SrS04=Mg0. 

43 , 5 - 

great 

441" ± 3 - 


550 ®. 

Sr0+ZnS04 = 
SrS04 ^ ZnO • 

58,3- 

great 

424® ± 3 - 


490®. 

SrO+CoS04 = 
SrS04+CoO. 

45 , 0 . 

great 

43 *®±i- 


Sio®. 

Sr0+CuS04= 

SrS04+Cu0. 

57 , 0 . 

great 

418® ±7. 


460®. 

Ca 0 +MgS 04 =' 

CaS04+Mg0. 

8,8. 

very 

small 

about 540®. 


640®. 

Ca0+ZnS04= 

CaS04+Zn0. 

23,6, 

small 

520® ±6. 


650®. 

CaO+CoS04= 

CaS04+CoO. 

10,3. 

very 

small 

533 ® ± 4 - 


670®. 

Ca0+CuS04 = 
CaS04+Cu0. 

22,4. 

small 

5 * 6 ® ± 5 . 


0 * 

0 

0 
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OrebrOf Sweden 
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Physikalische Chemie der Zelle und der Gewebe. By Rudolf Hdher. Part //, Fifth 
edition, X 17 cm; pp. xvi -f Leipzig: Wilhelm Engclmann^ 192 J^. Price^ paper: 
12 gold marks. The first part of this volume was reviewed about a year ago ( 27 , 692). 
The second part is a treasure-house of unexplained facts. The chapters are entitled: 
distribution and adsorption with pharmacological phenomena; the physiological action of 
electrolytes on cells and tissues; electrical processes at physiological surfaces; resorption, 
formation of lymph, and secretion; the physical chemistry of metabolism. 

In general, there is a parallelism between the effectiveness of a narcotic and its distri- 
bution ratio for oil and water. Anaesthesia occurs when the concentration of the narcotic 
in the lipoid is about 0.06 mol, p. 552. The combustion of charcoal and the decomposition 
of hydrogen peroxide by platinum may l)e poisoned in the same way as the combustion in 
the cell, p. 557. Alcoholic chloroform decreases the permeability to water of certain mem- 
branes from the frog; vrhen more chloroform is used, the transfer of water is decreased still 
more, but the permeability of the membrane to sodium chloride is increased, p. 574. On p. 
576 the author raises the question as to what physical chemical changes in the surface of 
protoplasm account for the ('iianges in permeability produced by narcotics. He draws the 
obvious conclusion that poisoning and adsorption must run apprornixately parallel, p. 581, 
and then adopts the view, first put forward by Michaelis and Takahashi, that haemolysis 
outside of the neutral region is due to the coagulation of the cell colloids, p. 598. 

The isoelectric point of blood is displaced toward the acid side by sodium chloride, p. 
604. “We have seen that, according to Michaelis and Rona, the isoelectric point of colloids 
is also displaced by salts; the anions displace it toward the acid side and the cations toward 
the alkaline side, the effect being more marked the more strongly the ions are adsorbed.” 
“The adsorption of ions and especially of albuminoid ions is an essential factor in determin- 
ing the surface potential difference for blood corpuscles, p. 612. 

“The action of salts on plant cells is comparable with their action on the red blood 
corpuscles. We have already seen that plant cells are so damaged by pure salt solutions 
that their permeability becomes abnormal. From the experiments of Osterhout, Fitting, 
Trdndle, Kahho, and others, it appears that the permeability increases in solutions of salts 
of the alkalies, finally developing into cytolysis. With cells containing a colored juice, the 
exosmosis can be seen easily. In solutions of salts of the alkaline earths and also in solu- 
tions of salts of other bivalent cations (Co, Mn, Fe, Ni, Zn, Cd, Sn) and of trivalent and 
quadrivalent cations (Ce, V, La, Th), the permeability decreases, at least at first, though 
afterwards increasing irreversibly”, p. 619. 

While acids are generally toxic to water animals and while the effect is due chiefly to 
the concentration of hydrogen ion, a comparison of inorganic and organic acids shows that 
there are other factors; for the organic acids are much more toxic to certain infusoria than 
the hydrogen ion concentration justifies, p. 628. If we place frog’s muscles in solutions of 
sodium salts equivalent to 0.2% NaCl and make the solutions presumably isotonic with 
the frog by addition of cane sugar, it is found that there is a marked effect due to the anion, 
p. 630, Hober considers that the changes in permeability are due chiefly to peptization or 
coagulation of the colloids either at the surface of, or inside, the cell, p. 650. 

From experiments on deplasmolysis, Netter concludes that the antagonistic action of 
bivalent and univalent cations is about neutralized when the ratios of sodium to the other 
cations are: Ca, 75; Sr, 40-50; Ba, 5-10; Co and Ni, 50; Mn, 5; and ColNH*)#, 40, p. 662. 
In some cases, as with certain sea sdgae, we are dealing primarily with the swelling of the 
membrane, p. 668, In one case of this sort the neutral ratio of sodium to calcium was 250. 
With Fundrdus there is a mutual antagonism between sodium and potassium ions, p. 670. 
The relative effects of sodium or potassium ion and calcium ion on the heart-beat may re- 
verse if the point of application is changed, potassium ion increasing the rate under one set 
of conditions and decreasing it under another set, p. 688. 
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When studying physiological potential differences, H(iber distinguishes between ^'oil'^ 
cells and ^^membrane*^ cells. In the first we have a second liquid phase due to lipoids and 
in the second we have some form of the Donnan equilibrium, pp. 694-705. From the effect 
of dyes on the potential differences, H6ber concludes that the more important electrical 
currents in animals and plants are not due to ''oil’’ cells, p. 709. From the view-point of 
the “membrane” cells, a stimulated nerve behaves “as though the plasma film were per- 
forated, the hole closing again as soon as the stimulation has ceased,” p. 715. There is a 
drawing on p. 716 showing how the electric eel might work: but nobody ever discusses the 
question of insulation, though that seems an important matter to the electrochemist if one 
is dealing with potential differences of five hundred volts. 

If a dilute grape sugar solution is placed in the intestine of a dog, water is taken out 
more rapidly than sugar, so that the stigar concentration increases; but practically no sodium 
chloride passes in the opposite direction. If the same solution is placed in the stomach of 
a rabbit, the concentration of sugar drops and a good deal of sodium chloride moves in the 
opposite direction, p. 756. 

The skin of a frog is apparently permeable to water and consequently the frog takes 
up water continually from fresh water, p. 772. Continuous urination is therefore the only 
thing that saves him from bursting and that is how he survives. This seems to involve 
one membrane through which water passes into a solution and another membrane through 
which water passes out. If this took place automatically, each frog would be a miniature 
power plant. The only other explanation seems to be that he is a continually-acting pump- 
ing-station and, at that, he must have some very interesting valves somewhere. Hfiber 
admits, quite frankly that our knowledge in regard to the theory of secretions is still practi- 
cally nothing, p. 792. “Filtration, resorption, and secretion are catch-words which have 
appeared prominently for decades as explanations for the elimination of urine.” Caffeine 
apparently owes its diuretic action to the fact that it increases the dlspersity of the serum 
and therefore the rate of filtration, p. 803. 

When a tired muscle recovers in presence of oxygen, the consumption of the latter is 
only enough to accoimt for one quarter of the lactic acid that disappears, while the amount 
of carbon dioxide formed corresponds to the oxygen consumed. Three-quarters of the 
lactic acid must therefore be converted into some other substance and this proves to be 
grape sugar or glycogen, the reactions being. 

8 C*HeO* 4 "fi COj-f-fi H 20 -f -3 

3 C.H,A “ j ^C.H,oO,)n +3 H, 0 . 

Many organisms cannot live in oxygen at pressures of 10-12 atmospheres; but they 
do not die, as one might assume, from too rapid oxidation. They behave as though there 
were a lack of oxygen, p. 874. Hfiber cites the cases of phosphorus not glowing in pure 
oxygen as analogous; but it is something of a question whether this point is well taken. 

These few citations will give a fair idea of the calibre of the book. Nearly every page 
suggests an article that one would like to write if one only knew enough. 

Wilder D. Bancroft 


World Weather. By Henry Helm Clayton. $S X 16 cm. pp. xx 4 S9S. New York: 
The MacmiUan Company j 1923. Price: In the introduction the author says: “The 

weather in some form or other affects every living creature. It has been the topic of uni- 
versal conversation. It is the subject naturally mentioned in beginning a chat with a friend 
or stranger. It has been the foundation of endless jests and it has furnished a theme for 
countless poems. The sparkling air, the brilliant sunshine, the drifting feathery snow 
flakes, the pattering rain have brought joy to millions and yet the angel of death rides in the 
trail of the icy blast. The same wind may bring to one the intensest joy and to another 
the deepest tragedy. The same rain which brings tears to the eyes of a maiden robbed of 
an expected outing may bring smiles to an agriculturist, who sees in it the promise of an 
abimdant crop. The same snowstorm may bring joyous anticipation of sport to a youth 
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and may bring death to an aged neighbor. The stakes depending on the changes of the 
weather are so vast, that those dependent on the turns of the wheel of chance at Monte 
Carlo seem as nothing in the balance. But a risk dependent on the weather is not a gamble. 
The gambler stakes his all from choice in pursuit of excitement or gain, while the man whose 
welfare depends on the turn of the weather is bound by thongs of necessity. As mankind 
must be fed, the farmer must sow his seed and watch the turn of the weather which brings 
him abundance or want. The manufacturer must send his goods from regions where power 
is procured easily to other regions more favorable for food production, and risk their loss 
by the destructive hurricane. The merchant must bring his products from places where 
they are most readily grown to those where they are most needed, and risk their loss by 
moisture, heat or cold. In the United States alone more than ten thousand million dollars 
are taken from the soil each year. Fortunately, nature never completely deprives the 
grower of needed moisture, but the total difference in value between the amount grown in 
a year of abundant rain and a year of deficient rain may easily be five hundred millon 
dollars. 

^^The toll of sickness and premature death and of leases to business from a lack of ad- 
justment to imexpected changes of weather is so vast that it staggers all computation. It 
is not strange that the subject of the weather has occupied so much of the thoughts of man- 
kind, and in the following pages an attempt will be made to explain a part of the vast stock 
of knowledge accumulating about the weather, especially those newer researches which 
indicate that the time is near at hand when weather changes can be anticipated so far in 
advance, as to save much of the loss and distress which now follows in the wake of the un- 
expected adverse conditions. 

**The work of the meteorologist has a spiritual as well as a material value. In no 
other way has man been more haunted by degrading superstitions than in his interpreta- 
tion of the signs of the sky and air. The shining crosses formed by the sunlight in the 
filmy cirrus clouds, the blood-red rain, the fiery sunsets, the reverberating thunder, the 
blinding flashes of lightning, the pulsating aurora filled him with untold terrors; his terrible 
losses from prolonged droughts led him to load the air with sound by the beating of tom 
toms and even at times to sacrifice human victims to appease the anger of the liain God. 
Through scientific research, these things have now found their natural explanation and man 
has learned that the universe is governed by well-regulated laws and not by angry impul.se. 
Religion is slowly becoming elevated to the higher plane of spiritual intercoiu*se, and is 
freed from the meaningless rites to appease an angry God.’’ 

The headings of the chapters are: the forces controlling weather changes; the daily 
period in the weather; the yearly period in the weather; temperature and the weather; 
pressure and the weather; wind and the weather; moisture, clouds, and rainfall; cyclones 
and anticyclones, or storms and sunshine; sky colors and visible signs of the sky and air; 
and the sun and the weather; physics of the air in relation to solar and terrestial radiation; 
periodicity in the weather and in solar phenomena; forecasting the weather; meteorology 
of the sun. 

“The isolated cumulus and the isolated cirnus arc really clouds of the same nature 
caused by local ascending convection currents, but at different levels and at different 
temperatures. When cumulus are formed at a very low temperature there are frequently 
seen long fibers streaming behind, due to falling snowflakes, and the upper part evaporates 
slowly and is drawn out into cirruslike bands. Ordinarily the light particles of rain fsdling 
from the base of the cumulus are quickly evaporated, but in arid regions streaks of rain 
which do not reach the earth’s surface arc seen falling from large cumulus clouds forming 
cirruslike fibers, but of a dark color. That the long fibers which stream downward and 
backward from tufts of cirrus are really snow-flakes has l>een proved by Berson and other 
aeronauts who have intercepted them when ascending to great heights. The slow evapora- 
tion of the cirrus also permits it to be drawn out into long bands, by wind currents of differ- 
ent velocities; while the top of the cumulus, when carried beyond the local ascending current 
quickly evaporates. The slow evaporation of the cirrus is due to the extremely low tern- 
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perature in which it is formed, some sixty to seventy degrees below sero Fahrenheit (about 

Along with this one should include the paragraph written by Aitken in 1891. ♦‘We 
see from the observations made with the fog-counter, that, whenever a cloud is formed it at 
once begins to rain, and the drops, though small in sise, shower down in immense numbers. 
These drops fall into the air under the cloud, where they evaporate if the air is dry, and the 
distance they fall will depend on their size and the dryness of the air underneath. So that 
on a summer day with white clouds passing overhead, it is really raining; but the drops , 
being very small, evaporate in the air under the cloud long before they reach the earth. 
It seems probable, therefore, that much of the melting of clouds is produced in this way 
the particles falling from the saturated air in which .they were formed and dissolving in 
the drier air underneath.” 

On p. 172 there are some very interesting facts in regard to thimderstorms by aviators 
who have been in them. ‘^Lieutenant Cobb was stunting near Love Field, Texas, at about 
5500 feet altitude during the approach of a thunderstorm. After doing three evolutions, 
taking about fifteen minutes he found that he had gained some 3500 feet (1100 m.) in 
altitude, instead of losing 1500 feet (500 m.) as was usual. Sometimes the lifting would 
l>e of the order of 500 feet in a minute. 

“This indicates that there was a wind with an average vertical component upward at 
about 5 niles per hour (2m. per second) blowing toward the storm. At the end, the aviator 
noticed sharp mammato-cumulus above, and strato-cumulus clouds below him. He seemed 
to be at an altitude about midway between them, though he was some 5 miles (8 km.) 
away from the storm front. On decending, he entered extremely bumpy air and was able 
to land only by driving into the wind with the engine on. . . . On another occasion Lieuten- 
ant Morgan, while flying in front of a thunderstorm, was suddenly lifted from 2000 to 7000 
feet (700 to 2300 m.). 

“The American aeronaut Wise once made an ascent in front of a thunderstorm and was 
drawn by an ascending current into the thunder cloud. When in a cloud, he was caught in 
a whirl and spim around in a circle with frightful rapidity. The air was intensely cold, so 
that his beard, his clothes and the rigging of the balloon were soon encased in ice. He was 
pelted by driving rain, mingled with hail and snow, and in the meantime his balloon was 
drawn steadily upward to the top of the cloud, where it was thrown outward into the clear 
air. At a short distance from the cloud it began to descend rapidly and he expected soon 
to be safe on the firm earth after his thrilling experience; but when near the base of the 
cloud he was drawn into the cloud and/igain passed through the terrible maelstrom to the 
top of the cloud, but now*, with all his ballast and most of his gas gone, he came down with 
such rapidity that he passed through the indrawing stream of air and reached the ground 
in safety, his balloon-cover acting as a parachute. 

“This experience of Wise suggests the method of hail formation. The drops of water 
carried to the top of the cloud by the swift ascending current arc frozen by the intense 
cold, and, passing out of the ascending current at the top of the cloud, fall to the base of 
the cloud, where they are once more drawn into the whirl, there covered with water and 
ice and carried to the top of the cloud from whence it again falls. This process may be 
repeated imtil the hailstone is too heavy to be lifted by the ascending current, when it 
would fall to the ground. In this way the various concentric coats of the hailstone are ex- 
plained. When the whirl in the thunderstorm becomes exceptionally strong it extends 
downward below the base of the cloud, develops a funnel and becomes the fearful tornado 
or waterspout.*^ 

In the chapter on forecasting the weather, p. 325, Clayton says that “sky colors have 
also been immemorially an aid to short-range weather forecasting. From the earliest his- 
toric times there are quotations showing that sunset and sunrise colors have formed a basis 
for weather forecasts for the same day or the succeeding day. In English these signs have 
embodied themselves in such rhymes as 
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Evening gray and morning red 
Twill pour down rain on traveler's head; 

But evening red and morning gray 
Will set a traveler on his way. 

’^All such forecasts are based on the fact that storms move in general from west to 
east, and dense banks of condensed vapor towards the west cut off the colors and light of 
the sun, so that when it sets in a gray mass the approach of conditions favorable for rain is 
indicated. On the other hand, when the gray is found in the east at sunrise, the storm has 
already past or is passing. A' rosy sunset indicates fair weather toward the west, from 
which direction the weather to be expected comes. 

^*Unusual transparency of the air and pure twilight colors indicate cooler, fair weather 
for the next day, altho\igh frequently followed within two days by additional rain; while 
hazy air, in which the sun sets as a fiery ball, attends droughty conditions with temperature 
above the normal of the season.’’ 

Clayton does not cite the interesting observation by Aitken that the visibility of the 
phenomenon known as the ‘^Old Moon in the New Moon’s Arms” must depend on the 
illumination by earth light of the part of the moon which is in darkness as regards the 
direct solar rays. The phenomenon will therefore be best seen when the regions to the 
west are covered with vast areas of cloud from whose upper surface the sunlight is strongly 
reflected. There is thus a great probability that the *‘01d Moon” when distinctly seen is 
a herald of wet weather. 

Wilder D. Bancroft 


The Theory and Application of Colloidal Behavior. By R. H. Bogue. Voh. I and II. X 
16 cm; pp. xxtn+444; xxtfii'^SSS. Netv York and London: McGraxv^Hill Book Co., 

Price: $.800 per set. The first volume deals with the theory of colloidal behavior, the sub- 
heads being: heterogeneous equilibria; surface kinetics; adsorption and catalysis; structure. 
Under heterogeneous equilibria the single chapters are: application of the thermodynamics 
of heterogeneous equilibria to the theory of colloidal behavior, by John Arthur Wilson; 
crystalloidal behavior of proteins, by Jacques Loeb; the flocculation and stability of col- 
loidal suspensions by John H. Northrop; the colloidal behavior of the body fluids, by 
Donald D. Van Slyke, 

There are four chapters und(?r surface kinetics: the kinetics of disperse systems, by E. 
Franklin Burton; surface energy in colloid systems by William D. Harkins; the theory of 
emulsification, by Joel H. Hildebrand; and emulsions and foams, by Harry N. Holmes. 
The section on adsorption and catalysis contains six chapters: adsorption in colloid systems, 
by Leonor Michaelis; adsorption and catalysis, by Wilder D. Bancroft: colloid chemistry 
and contact catalysis, by Hugh S. Taylor; sensitization by means of hydrophile cooUids, 
by Herbert Freundlich; mutual reactions of colloids, by Arthur W. Thomas; enzymes, by 
E. Frankland Armstrong. 

Under structure there are only three chapters: jellies and gelatinous precipitates, by 
Harry B. Weiaer; the study of soap solutions and its bearing upon colloid chemistry, by 
James W. McBain; viscous and plastic flow in colloid systems, by Eugene C. Bingham. 

The second volume is devoted to the application of colloidal behavior, and the general 
sub-heads are mineral products, vegetable products, and animal i)roducts. The seventeen 
chapters are: the colloid chemistry of minerals and ore deposits, by Waldemar Lindgren; 
the colloid chemistry of the soil, by Milton Whitney, colloidal phenomena in metals and 
alloys, by H. W. Gillett: coal, coke and tar, by A. C. Fieldner, Reinhardt Thiessen and J. 
D. Davis; colloids and fuel, by S. E. Sheppard; the precipitation of smoke and other sus- 
pensoids in gases, by William W. Strong; the colloid chemistry of silica and its derivatives, 
by William Stericker: the colloid chemistry of the cereals, by Carl L. Alsberg; fruit jeUies, 
by Lester W. Tarr; cellulose and its derivatives, by Gustavus H. Esselen, Jr. ; rubber, by G. 
Stafford Whitby; the signiflcance of colloids in the dietary, by E. V. McCollum; leather, by 
Henry H. Procter; gelatin and glue, by Robert H. Bogue; colloid chemistry and the photo- 
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graphic processj by S. E. Sheppard; casein and the dairy industry, by Harper F. ZoUer; 
sanitation, by John Arthur Wilson. 

The editor has got together a rather remarkable group of papers, most of them by people 
who know their subject well. He is much to be congratulated on the result. In the pre- 
face the editor makes it quite clear that he belongs to the Loeb school; and the articles by 
Wilson, Loeb, Thomas, ^octer, and Bogue are a further confirmation of this statement. 
While some of the permanent value of the book has probably been sacrificed to this view- 
point, the volumes are more interesting reading and will appeal to a larger circle* The 
editor is therefore justified on the grounds of expediency. 

The two volumes are a welcome addition to the literature of colloid chenaistry, and 
justify the statement of the editor in the preface that ^'this plan has evolved a work that 
has a direct and purposeful objective, and it will prove the more useful to the greater 
number of students of colloidal l>ehavior. Every large college and university is now of- 
fering some work, at least to graduate students, in colloid chemistry. Many books are 
available for an elementary presentation; but no attempt has heretofore been made to 
gather together material for an advanced text or reference work, nor to present the actual 
application of the science. The editor believes that these ends are achieved by the publi- 
cation of this book. It is written for the student and the investigator, the research man 
and the practical man, who, in science or in industry, is concerned with the problems of 
colloidal behavior.” 

Wilder D. Bancroft 

Licht und Farbe in Kolloiden. By Wolfgang Ostwald. Part 1. 24+1'^ cm; pp. xiv-\- 
566. Dresden and Leipzig: Theodor Stetnkopff, 1924 • Price: $8. SO. This is a pathetic 
book. The manuscript was practically completed in 1914; but of course could not be pub- 
lished then. During the war the author could not work on it and conditions in Germany 
have been such since the war that no revision has been possible. Consequently this is a 
book which is practically ten years out of date on the day that it is published. Just to 
cite a few instances, the author does not know about Holmes^ chromatic emulsions, Martin's 
work on the scattering light by pure liquids, or Mason's work on the colors of feathers. As 
regards the peacock Ostwald is a strong upholder of Walter’s view that it is a case of selec- 
tive reflection by solid pigments. This was perfectly proper in 1914; but it is hopelessly 
wrong in 1924. A very elaborate chapter on the ultra-microscope is hardly as valuable now 
as it would have been in 1914, The l)ook would have hem an admirable one in 1914; but 
now its value is chiefly as a mass of collected material, the view of the author not lacing 
especially helpful. 

Ostwald gives a good many pages to the subject of ‘metallic’ colors; but, as is so often 
the case with him, it is difficult to find out what he really believes. The nearest that he 
comes to it is, p. 374, that they are due to anomalous dispersion, abnormal reflection, and 
abnormal absorption; but he caimot mean that because the metallic colors of birds and 
butterflies are almost entirely the colors of thin films and thin films do not show anomalous 
dispersion or abnormal absorption. 

The first three chapters deal with optical heterogeneity of colloid systems, the Tyndall 
beam and the ultramicroscope. The fourth chapter deals with polarization in colloid 
systems and the fifth with the rotation of the plane of polarized light by colloid systems. 
The sixth chapter is devoted to absorption by colloids, with “refraction colors, diffraction 
colors, and colors due to selective reflection” as a sub-title. Interference colors are men- 
tioned in the text, p. 364; but are dismissed in about two pages with mother-of-pearl as 
the chief illustration. The subject of the seventh (and last) chapter is refraction and double 
refraction in colloids. 

One very interesting statement is the conclusion by Drude, p. 71, that the index of 
refraction of silver increases from 0.18 to 4.0 as the thickness of the film decreases from 10.3 
MM to 1.5 MM* Another interesting one is, p. 344, that sodium dissolved in liquid ammonia 
has more coloring power than aniline blue in water. A third one is, p. 371, that chromic 
oxide peptized by chromic salts is a liquid analogue of the gem Alexandrite, l>eing green by 
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daylight and red by candle light. A fourth is, p. 67, that the refractive indices of cobalt 
for yellow light and of selenium for green light far exceed the corresponding values for the 
diamond. 

Wilder D. Baneraji 

Elementary Physical Chemistry. By W, H. Barrett. 18-\-14 cm; pp. vni+247- 
London: Edward Arnold and Co., 19^8, Price: $1.80. In the preface the author says that 
'*a comrse of elementary Chemistry or Physics is usually, at the present day, made fully 
experimental; but in approaching Physical Chemistry the beginner very often sees and 
performs few or no illustrative experiments, and consequentlj'' often views that subject in 
false perspective.'^ This may be true in England but it is certainly not true in general in 
the United States. Another statement on the same page is that ‘^many beginners regard 
Physical Chemistry as a collection of disconnected subjects, and therefore in this book an 
effort has been made to preserve continuity by making the kinetic-molecular hypothesis 
the basis of the whole treatment." The reviewer had supposed that this particular fault 
was one from which physical chemistry was exceptionally free and he is quite certain that 
the remedy is more deadly than the thing it is to cure. 

We may talk about molecules and most of us do; we may believe in molecules and some 
of us do; but it is extremely doubtful whether any chemist ever really had a convincing 
mental picture of a solid as a mass of vibrating molecules. It can’t be done and conse- 
quently it is extremely doubtful whether it is wise to stress this side when teaching a be- 
ginner. Why not use language that means something to the hearer? 

While the reviewer believes that the first chapters are too difficult, he also objects to 
the following passage, p. 179, because it tries to be too simple. “Ostwald’s theory of the 
colour change of an indicator is that the ions of the indicator possess one colour and the 
undissociated indicator a different colour. Modern theory regards the colour change of 
an indicator as a more comfdicated process involving a tautomeric change in addition to an 
ionic change; but fortunately the deductions from Ostwald’s simpler theory for our purpose 
are identical with tho.se from the more complex theory, so we will here adopt the simpler 
theory." The student is quite able to grasp the idea of a secondary, reversible change in 
the undissociated base or acid which gives rise to a color change. There are some advan- 
tages in not telling a student a thing which he knows is not so. Incidentally, the reviewer 
objects to the next statement, p. 179, that "most common indicators are weak acids.” 
Methyl orange is a weak base so far as its indicator properties are concerned. 

It is only fair to state that the author’s bark is worse than his bite. The kinetic- 
molecular theory is more prominent in the preface and in the running heads than in the 
text. Whenever the author forgets his high moral mission, he does very well indeed and 
the experiments seem to be fairly well chosen. Whether one wants a combined text-book 
and laboratory manual is a matter of temperament and training. Apparently this par- 
ticular type is thought well of in England. 

Wilder D. Bancroft 

The Chemical Elements. By h\ H. Loring. '^2-^ld cm; pp. viii’^171. New York: 
E. F. Dutton and Company, 1928. Price: $3.76. "The aim of this book is to present in a 
simple and concise form certain characteristics of chemical elements as studied from the 
point of view of their quantitative grouping and their structural binding — using the latter 
term in a wide sense — and to bring into prominence the significance of 'space physics' as 
applied to certain phenomena involved," p. v. 

Each chapter is summarized, which is not a bad idea, though it is not especially helpful 
with such short chapters. "The absence of certain elements in the seventh places of the 
periodic table; the small quantities of scandium in existence relative to the elements on 
either side of it, the missing of places I and VII in radio-active changes; the number of 
existing rare-earth elements Pr to Lu inclusive being by certain considerations limited to 13, 
and being in harmony with a blank atomic-number lacuna 54-1-7; are all accounted for by 
one or two types of mathematical series based upon atomic-number differences, the series 
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sJlBO having a limiting characteristic in agreement with the extent of the atomic nmnbere. 
The deduction therefrom follows that these missing elements do not exist, or if they do 
exist are present in exceedingly minute quantities,” p. 29. 

”Th€ relative distribution of elements in the earth’s crust, according to the findings 
Clarke and Washington, is tabulated and shown to support the view that scandium exists 
in relatively small quantities compared with the quantities of calcium and titanium situated 
on each side of it in the periodic table, and this fact strengthens the conception of a signi- 
ficant atomic number series, thereby earmarking the periodic places where no elements can 
faU, or if they do fall into such places the quantities will be exceedingly minute,” p. 35. 

*The existence of scandium in the sun does not necessarily invalidate any relative quan- 
titative deduction as to the proportionate amount of this element relative to those on each 
side of it in the atomic-number series; for the sim may be manufacturing or degrading 
practically all of the existing elements, and any excess of one in particular may not appear 
in large relative quantities in the final state when this process of manufacture and (or) 
degradation is finished,” p. 44. 

Wilder D, Bancroft 

Problems in General Physics for College Courses. By Morton Masiue, Second re- 
vised and enlarged edition. ^ 21 4 cm; pp. X’\rl 64 > Philadelphia: P. Blakiston^s Son and 
Co.f 1924 ^ Price: $ 2 . 00 . The first edition was reviewed in 1918 (22, 458). The second 
edition contains neaiiy four times as many problems. The reviewer is glad to endorse the 
sentiments on p. 4. ”It is manifestly impossible to memorize ready-made formulae for all 
possible cases. Hence the general plan of memorizing only the most important relations, 
and making the necessary deductions from them according to the problem under discussion. 
All students will admit the force of the argument just given, but another question may now 
arise. If, in general, it is a safer plan to rely not on a large number of memorized formulae, 
but on the power of being able to deduce the special formula required for a particular 
problem, is any memory work required at all? Would it not be l)etter to leave everything 
to reasoning power and not memorize any formulae? The answer to these questions is: 
No. The reason for this is very simple. In the list of the equations that are to be memo- 
rized we have included two kinds: (i) those that express the fundamental laws, (2) those 
that occur very often. The reason for memorizing those of the second class is obvious. 
As regards those of the first class we must recall that no amount of logical reasoning, how- 
ever original and profound, can produce a definition or a fact. A knowledge of a few defini- 
tions and facts is necessary, and all relations representing them have to be memorized.” 

Wilder D. Bancroft 


ERRATA 

In the paper by Messrs. Bhatnagar and Shrivastava the heading of column 6 in Tables 
II- VII, pp. 733-73^ should be changed from ''Quantity of sucrose [glucose, galactose] ad- 
sorbed per looccof the mixed solution examined” to "Quantity of sucrose [glucose, galactose] 
adsorbed per 100 cc of the sugar solution”; and the headings of Column 7 in the same 
tables should be changed from "Quantity adsorbed per 100 cc of the sol” to "Quantity ad- 
sorbed by the mixture containing 100 e.c of the sugar solution and the sol in the correspond- 
ii^g ratio indicated in Column 2. 

In the paper by Mr. Perry, p. ic8, the equation of state for helium should read: 

^ 20 53T 328s 

^ "" V^3.I7 (V-{-6.85)* 

In the article as published, the T was omitted. 

On pp. 893 and 896 the titles and authors have been transposed. The proper heading 
for the book review on p. 893 is Lehrbuch der Metallographie, By Gustav Tammann. The 
proper heading for the book review on p. 896 is Metallographie in Elementarer Darstellun . 
By Bndolf Ruer. 
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Electrophoresis, migration and electroosmosis of sodium oleate: a general formulation 

of movement in an electrical field, 673 

Elevated temperatures, various, a study of the mechanism of the catalytic decomposi- 
tion of ethyl acetate by nickel at, i2or 

Emulsions, photographic, the size-frequency distribution of grains of silver halide in, 

and its relation to sensitometric characteristics. VI, 529 

Equilibria, heterogeneous, studies in. IV, 438 

Equilibrium between iodine and barium iodide in aqueous solution, the, 245 

Equilibrium constants, gaseous, the calculation of, 1151 

Equilibrium, the ammonium carbamate, . . . j IJ2I 

Esterification in presence of silica gel, 872 

Ethyl acetate, a study of the mechanism of the catalytic decomiwsition of, by nickel 

at various elevated temperatures, 1201 

Ethyl alcohol, the molecular weight of selenium dioxide in, 1273 

Ethyl and n-propyl alcohols, some physical-chemical properties of mixtures of, . . . . 720 

Evaporation of water, on the influence of thin surface films on the, 1245 

Experiments, preliminary, on feather pigments, 1147 

Explanation of the internal use of iron salts and of fever, induced oxidation and the, . . 943 

Eyes, blue, 498 

Factors conditioning catalysis, one of the, note on simplicity of mechanism of reaction 

as, 179 

Fatty acids, higher, in organic solvents, viscosities of some monovalent salts of, 636 

Feather pigments, preliminary experiments on, 1147 

Ferrocyanide, copper, colloidal, adsorption from salt solutions by, 651 

Ferrous, stannous or titanous salts, the reduction of free nitric acid by means of, .... 744 

Fever, the explanation of the internal use of iron salts and of, induced oxidation and 

the, 943 

Field, electrical, a general formulation of movement in an: migration, electrophoresis 

and electroosmosis of sodium oleate, 673 

Films, thin surface, on the influence of, on the evaporation of water, 1245 

Fluidity method, the determining of softening temperatures by the, 263 

FluosiUcic acid. Ill, 506 

Formation of arsenate jellies, the, 26 

Formation of chloraluminates, 965 

Formation of periodic precipitates, studies on the, II, 41 

Formation of phosphorus pentachloride from phosphorus trichloride and chlorine, the, 510 
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Formulation of movement in an electrical field, a general; migration, electrophoresis 

and eleotroosmosis of sodium oleate, 673 

Fractionation of bios, and comparison of bios with vitamines B and C, the, 1180 

Free nitric acid, the reduction of, by means of ferrous, stannous, or titanous salts, . . 744 

Free nitric acid solutions, reduction products of, the quantitative determination of 
the: namely — nitrogen peroxide, nitric oxide, nitrous oxide, nitrogen, nitrous acid, 

and salts of hydroxylamine, hydrazine and ammonia, 544 

Freezing of water in capillary system, the, 360 

Freezing point curve of the system water-ammonia, the, 887 

Freezing point of liquid ammonia, the molecular lowering of the, 61 1 

Fumaric and malic acids, with special reference to the conversion of fused maleic acid 
into: on isothermal reaction velocity in homo-heterogeneous systems in the absence 

of solvent, 758 

Furfural, a study of the electrolytic dissociation of some salts in,^ 212 

Furfural, the ultra-violet, absorption spectrum of, 397 

Fused maleic acid into fumaric and malic acids, with special reference to the conversion 
of, on isothermal reaction velocity in homo-heterogeneous systems in the absence 

of solvent, 75^ 

Gaseous equilibrium constants, the calculation of, . . . 1151 

Gases, atmospheric, the solubility of, in solutions of ammonium chloride, 285 

Gases in liquids, supersaturation of, 1308 

Gases in water and certain organic liquids, the supersaturation of, 417 

Gases, various, a review of the critical constants of, 97 

Gas kinetics, miscellaneous notes on, 55 

Gasoline (hexane and heptane) the solubility of, in water at 25°C, 494 

Gel, silica, esterification in presence of, 872 

General formulation of movement in an electrical field, a: migration, electrophoresis 

and electroosmosis of sodium oleate, 673 

Germanium tetrachloride, a revision of the atomic weight of, 1049 

Germanium tetrachloride, dielectric constant of, 889 

Grains of silver halide, the sizt?-frequcncy distribution of, in photographic emulsions 

and its relation to sensi tome trie characteristics. VI, 529 

Gravity, specific, the intcrfacial tension of some aqueous solutions against oils as 

corrected for, Dec. 

Gum arabic, the influence of, on the hydrolysis of methyl acetate, 51 

Halide, silver, the size-frequency distribution of grains of, in photographic emulsions 

and its relation to sensitometric characteristics. VI, 529 

Halides, silver, dispersity of, in relation to their photographic behavior, 449 

Helium, the Joule-Thomson effect for, ... 1108 

Heterogeneous equilibria, studies in, IV, 438 

(Hexane and heptane) in water at 25®C, the solubility of gasoline, 494 

Higher fatty acids in organic solvents, viscosities of some, monovalent salts of, 636 

Homo-heterogeneous systems, on isothermal reaction velocity in, in the absence of 
solvent: with special reference to the conversion of fused maleit? acid into fumaric 

and malic acids, 758 

Hydrazine, ammonia, and hydroxylamine, salts of, nitrogen peroxide, nitric oxide, 
nitrous oxide, nitrogen, nitrous acid, the quantitative determination of the reduc- 
tion products of free nitric acid solutions: namely — 544 

Hydrocarbons, aromatic, the catalytic activity of carlK)n8 from, and some derivatives, 1136 
Hydrogen ion concentration, the effect of the concentration of colloidal clay upon its, 170 

Hydrogenation, catalytic, irreversible reduction and, 1096 

Hydrogenation, catalytic, of certain oils, on the, 59 

Hydrogen iodide, the decomposition of 984 

Hydrolysis of methyl acetate, influence of gum arabic on the, 5* 

Hydrosulphite, alkaline sodium, the reduction of certain vat dyes by means of, 1211 
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Hydroxide, coUoidal nickel, note on, ^ 176: 

Hydroxylamine, salta of, hydrasine and ammonia, nitroiia acid, nitrogen, nitrous oxide, 
nitric oxide, nitrogen peroxide, the quantitative determination of the reduction 

products of free nitric acid solutions: namely — 544 

Hypothesis, molectilar phase, refractivity and the* I, 659 

Inactivity, the optical, of the active sugars in the adsorbed state — a contribution to the 

chemical theory of adsorption. I, 730 

Induced oxidation and the explanation of the internal use of iron salts and of fever, * * 943 

Influence of certain chemicals on the rate of reproduction of yeast in wort, the, 221 

Influence of gum arabic on the hydrolysis of methyl acetate, the, 51 

Influence of thin surface films on the evaporation of water, on the, 

Insulin and similar 8ul)8tances, the purification of, by sorption on charcoal and subse- 
quent recovery, 402 

Internal use of iron salts, induced oxidation and the explanation of the, and of fever, . . 943 

Interfacial tension of some aqueous solutions against oils, as corrected for specific 

gravity, the, 1291 

Iodide, barium in aqueous solutions, the equilibrium between iodine and, 245 

Iodide, hydrogen, the decomposition of, 984 

Iodide, silver, the behavior of, in the photo-voltaic cell, the, 333 

Iodine and barium iodide in aqueous solution, the equilibrium between, 245 

Ion, concentration, hydrogen, the eflect of the concentration of colloidal clay upon its, 170 
Ionic migration, the conception and properties of the electrical double layer and its 

relation to, 706 

Ionization for strong electrolytes, the, 1113 

Iron salts, internal use of, and the explanation of the induced oxidation, and of fever, 943 

Irreversible reduction and catalytic hydrogenation, 1096 

Isothermal reaction velocity in homo-heterogeneous systems in the absence of solvent, 
on: with special reference to the conversion of fused maleic acid into fumaric and 

malic acids, 758 

Isotopes of chlorine and the whole number rule, the discovery and separation of the, 74 

Jellies, arsenate, the formation of, 26 

Joule-Thomson effect for heliiun, the, 1108 

Kerr effect in liquids, the relation between the depolarization of the scattered light 

and the, 1284 

Kinetic salt effect, on, 579 

Kinetics, gas, miscellaneous notes on, 55 

Law, a dilution, for uni-univalent salts, 193 

Layer, double, electrical, and its relation to ionic migration, the conception and proper- 
ties of the, 706 

Leucoplasts: living, reproducing, perfect chemical catalysts, 305 

Light, scattered, and the Kerr effect in liquids, the relation between the depolarization 

of the, 1284 

Liquid ammonia, the molecular lowering of the freezing point of, 61 1 

Liquids, certain organic, the supersaturation of gases in water and, 417 

Liquid mixtures, vaporization of, * 1265 

Liquids, the relation between the depolarization of the scattered light and the Kerr 

effect in, 1284 

Liquids, the superheating of, 1^7 

Liquids, supersaturation of gases in, 8 

Living, reproducing, perfect chemical catalysts: leucoplasts, 305 

Lowering, molecular, of the freezing point of liquid ammonia, 611 

Luster, metallic. I, 588 

Maleic acids, fused, with special reference to the conversion of, into fumaric and malic 
acids: on isothermal reaction velocity in homo-heterogeneous systems in the absence 
of solvent, 758 
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Malic fumaric acids, with special reference to the conversion of fused maleic acid 


into: on isothermal reaction velocity in homo-heterogeneous systems in the absence 

of solvent, 75® 

Mechanism reaction, note on simplicity of, as one of the factors conditioning 

catalysis, i79 

Mechanism of the catalytic decomposition of ethyl acetate by nickel at various ele- 
vated temperatures, a study of the, 1201 

Mechanical condition of coagula and its bearing on the theory of complete coagulation, 

the. I, 3®7 

Mechanics of adsorption, the, 992 

Membranes, permeability of, 1279 

Membranes with uniform distribution of pores, the preparation of, 161 

Mercury, the action of chlorine on, 1218 

Metallic luster. I, 5®® 

Metals, action of, in nitric acid, 475 

Metasilicate-silica, sodium, the binary system, 1167 

Methane, the thermal decomposition of, 1036 

Method, fluidity, the determining of softening temperatures by the, 263 

Method of determining the detergent action of soaps, a. I, ; 

Methyl acetate, the influence of gum arabic on the hydrolysis of, 51 

Migration, electrophoresis and electroosmosis of sodium olcate: a general formulation 

of movement in an electrical field, 673 

Migration, ionic, the conception and properties of the electrical double layer and its 

relation to, 706 

Miscellaneous notes on gas kinetics, 55 

Mixtures, binary, adsorption of, by animal charcoal and a comparative study of the 

adsorptive power of different varieties of charcoal, the, 267 

Mixtures, constant-boiling, the detection of, 644 

Mixtures, liquid, vaporization of, 1265 

Mixtures of ethyl and n-propyl alcohols, some physical-chemical properties of, 720 

Molecular weight of selenium dioxide in ethyl alcohol, the, 1273 

Molecular lowering of the freezing point of liquid ammonia, the, 61 1 

Molecular phase hypothesis, refractivity and the. I, 659 

Molecules, activation of, negative and positive catalysis and the, 948 

Monovalent salts of higher fatty acids in organic solvents, viscosities of some, 636 

Movement in an electrical field, a general formulation of: migration, electrophoresis 

and electroosmosis of sodium oleate, 673 

Negative and positive catalysis and the activation of molecules, 948 

Negative catalysis, note on, 145 

Newton and the peacock, 351 

Nickel, a study of the mechanism of the catalytic decomposition of ethyl acetate by, 

at various elevated temperatures, 1201 

Nickel hydroxide, colloidal, note on, 176 

Nitric acid, action of metal in, 475 

Nitric acid, free, reduction of, by means of ferrous, stannous, or titanous salts, 744 


Nitric acid solutions, free, the quantitative determination of the reduction products 
of: namely — nitrogen peroxide, nitric oxide, nitrous oxide, nitrogen, nitrous acid, 

and salts of hydroxylamine, hydrazine and ammonia, 

Nitric oxide, nitrous oxide, nitrogen, nitrous acid, nitrogen peroxide, and salts of 


hydroxylamine, hydrazine and ammonia, the quantitative determination of the 

reduction products of free nitric acid solutions: namely — 544 

Nitrocellulose and camphor, 769 

Nitrogen, nitrous acid, nitrous oxide, nitric oxide, nitrogen peroxide, and salts of 
hydroxylamine, hydrazine and ammonia, the quantitative determination of the 
reduction products of free nitric acid solutions: namely — 544 
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Nitrogen peroxide, nitrie oxide, nitrous oxide, nitrogen, nitrous add, and salts of 
hydroxylamine, hydrazine and ammonia, the quantitative determination of the 

reduction products of free nitric acid solutions: namely — 544 

Nitrous acid, catalytic action of, 973 

Nitrous acid, nitrogen, nitrous oxide, nitric oxide, nitrogen peroxide, and salts of 
hydroxylamine, hydrazine and ammonia, the quantitative determination of the 

reduction products of free nitric acid solutions: namely — 544 

Nitrous oxide, nitrogen, nitrous acid, nitric oxide, nitrogen peroxide and salts of hy^ 
droxylatnine, hydrazine and ammonia, the quantitative determination of the 

reduction products of free nitric acid solutions: namely — 544 

Note on colloidal nickel hydroxide, 176 

Note on negative catalysis, note on, 145 

Note on simplicity of mechanism of reaction as one of the factors conditioning catalysis, 1 79 

Notes on gas kinetics, miscellaneous, 55 

N-propyl and ethyl alcohols, some physical-chemical properties of mixtures of, 720 

Number, the whole, rule, the discovery and separation of the isotopes of chlorine and, 74 

Oils, certain, on the catalytic hydrogenation of, 59 

Oils, the interfacial tension of some aqueous solutions against, as corrected for specific 

gravity, 1291 

Oleate, sodium, electrophoresis and electroosmosis of, migration, 673 

On the catalytic hydrogenation of certain oils, 59 

On the stability of colloidal solutions, 1029 

Optical inactivity of the active sugars in the adsorbed state, the — a contribution to 

the chemical theory of adsorption. I, 730 

Organic liquids, certain, the supersaturation of gases in water and, 417 

Organic solvents, viscosities of some monovalent salts of higher fatty acids in, 636 

Oxidation, induced, and the explanation of the internal use of iron salts and of fever, 943 
Oxide, nitric, nitrous oxide, nitrogen, nitrous acid, nitrogen peroxide, and salts of hy- 
droxylamine, hydrazine and ammonia, the quantitative determmation of the re- 
duction products of free nitric acid solutions: namely — 544 

Oxide, cuprous, the photo-chemical properties of, 279 

Oxide, nitrous, nitrogen, nitrous acid, nitric oxide, nitrogen peroxide and salts of 
hydroxylamine, hydrazine and ammonia, the quantitative determination of the 

reduction products of free nitric acid solutions: namely — 544 

Peacock, Newton and the, 351 

Pentachloride, phosphorus, the formation of, from phosphorus trichloride and chlorine, 510 

Perfect chemical catalysts, leucoplasts: living, reproducing, 305 

Periodic precipitates, studies on the formation of. II, 41 

Permeability of membranes, 1279 

Peroxide, nitrogen, nitric oxide, nitrous oxide, nitrogen, nitrous acid, and salts of 
hydroxylamine, hydrazine and ammonia, the quantitative determination of the 

reduction products of free nitric acid solutions: namely — 544 

Phase, molecular hypothesis, refractivity and the. I, 659 

Phases, solid, on the reactivity of, 1316 

Phosgene solution, reaction in, formation of chloraluminates. I, II, 879, 965 

Phosphorus pentachloride, the formation of, from phosphorus trichloride and chlorine, 510 
Phosphorus trichloride and chlorine, the formation of phosphorus pentachloride from, 510 

Photochemical properties of cuprous oxide, the, 279 

Photographic behavior, dLspersity of silver halides in relation to their, 449 

Photograph emulsions, the size-frequency distribution of grains of silver halide in, and 

its relation to seneitometric characteristics. VI, 529 

Photo-voltaic cell, the behavior of silver iodide in the, 333 

Physical-chemical properties of mixtoes of ethyl and n-propyl alcohols, some, 720 

Physical chemistry of dyeing: substantive dyes, .* 368 

Pigments, feather, preliminary experiments on, 1147 
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Pdbt, freezing, curve of the system water-ammonia, the, 887 

freesing, of liquid ammonia, the molecular lowering of the, 61 1 

Fores, the preparation of membranes with uniform distribution of, 161 

Fositive and negative catalysis and the activation of molecules, 948 

Potential, the electrolytic, of calcium, 502 

Power, adsorptive, of different varieties of charcoal, the adsorption of binary mixtures 

by animal eharcoal and a comparative study of the, 267 

Precipitates, adsorption by. VI, VII, 232, 1253 

Precipitates, periodic, studies on the formation of. II, 41 

P:^minary experiments on feather pigments, 1147 

^^ration of membranes with uniform distribution of pores, the, i6i 

.mce, esterification in, of silica gel, 872 

r oducts, reduction, of free nitric acid solutions, the quantitative determination of the: 
namely — nitrogen peroxide, nitric oxide, nitrous oxide, nitrogen, nitrous acid, and 

salts of hydroxylamine, hydrazine and ammonia, 544 

Properties of the electrical double layer and its relation to ionic, migration, the con- 
ception and, 706 

Properties, some physical-chemical, of mixtures of ethyl and n-propyl alcohols, 720 

Properties, the photochemical, of cuprous oxide, 279 

Purification of insulin and similar substances by sorption on charcoal and subsequent 

recovery, the, 402 

Quantitative determination of the reduction products of free nitric acid solutions, 
the: namely — nitrogen peroxide, nitric oxide, nitrous oxide, nitrogen, nitrous 

acid, and salts of hydroxylamine, hydrazine and ammonia, 544 

Rate of reproduction of yeast in wort, the influence of certain chemicals on the, .... 221 

Reactions in phosgene solution. I, II, 879, 965 

Reaction, mechanism of, as one of the factors conditioning catalysis, note on the 

simplicity of, 179 

Reaction, the starch-iodine, 125 

Reaction velocity, on isothermal, in homo-heterogeneous systems in the absence of 
solvent: with special reference to the conversion of fused maleic acid into fumeric 

and malic acids, . . 758 

Reactivity of solid phases, on the, 1316 

Recognition of. blue, the, 131 

Recovery, subsequent, sorption on charcoal and, the purification of insulin and similar 

substances by, . 402 

Reduction, irreversible, and catalytic hydrogenation, 1096 

Reduction of certain vat dyes by means of alkaline sodium hydrosulphite, the, . . . . 1211 
Reduction of free nitric acid by means of ferrous, stannous, or titanous salts, the, 744 
Reduction products of free nitric acid solutions, the quantitative determination of the: 
namely — nitrogen peroxide, nitric oxide, nitrous oxide, nitrogen, nitrous acid, and 

salts of hydroxylamine, hydrazine and ammonia, 544 

Reference, special, to the conversion of fused malic acid into fumaric and malic acids: 
on isothermal reaction velocity in homo-heterogeneous systems in the absence of 

solvent, 758 

Refractivity and the molecular phase hypothesis. I, 659 

Relation between the depolarization of the scattered light and the Kerr effect in 

liquids, the, 1284 

Relation to stmsitometric characteristics, the size-frequency distribution of grains of 

silver halide in photographic emulsions and its. VI, 5^9 

Relation, substances in, to the temperature of carbonization, adsorptive capacity of 

wood charcoal for dissolved, 34b 

Relation, the electrical double layer and itsj to ionic migration, the conception and 

properties of the, 7^b 

Report, third, of the committee on contact catalysis, 897 
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Reproducing, pafect chemical catalysts: leucoplasts, 3^4 

Reproduction of yeast in wort, the influence of certain chemicals on the rate of, aat 

Review of the critical constants of various gases, a, ^7 

Revision of atomic weight of germanium tetrachloride, the, 1049 

Rule, the whole number, the discovery and separation of the isotopes of chlorine and, 74 

Salt effect, kinetic, on, S 79 

Salts, ferrous, stannous or titanous, the reduction of free nitric acid by means of, .... 744 

Salts in furfmal, some, a study of the electrolytic dissociation of, ai2 


Salts, iron, induced oxidation and tlie internal use of, explanation of the, and of fever, 943 
Salts of hydroxylamine, hydrazine and ammonia, nitrous acid, nitrogen, nitrous oxidi 
nitric oxide, nitrogen peroxide, the quantitative determination of the reductio 
products of free nitric acid solutions: namely — 


Salt solutions, adsorption from, by colloidal copper ferrocyanide, 6it 

Salts, some monovalent, of higher fatty acids in organic solvents, viscosities of, 636 

%alts, sparingly soluble, studies of, 1009 

Salts, uni-univalent, a dilution law for, 193 

Selenium dioxide, the molecular weight of, in ethyl alcohol, 1273 

Sensitometric characteristics, the size-frequency distribution of grains of silver halide 

in photographic emulsions and its relation to. VII, 529 

Separation of the isotopes of chlorine and the whole number rule, the discovery and 

the, 74 

Scattered light and the Kerr effect in liquids, the relation between the depolarization 

of the, 1284 

Silica gel, esterification in presence of, 872 

Silver halide, grains of, the size-frequency distribution of, in photographicemulsions 

and its relation to sensitometric characteristics. VI, 529 

Silver halides, dispersity of, in relation to their photographic behavior, 449 

Silver iodide, the behavior of, in the photo-voltaic cell, the, 333 

Similar substances, insulin and, the purification of, by sorption on charcoal and 

subsequent recovery, 402 

^^plicity of mechanism of reaction as one of the factors conditioning catalysis, note 

Size-frequency distribution of grains of silver halide in photographic emulsions and 

its relation to sensitometric characteristics, the. VI, ^ 529 

Soaps, detergent action of, a method of determining the, i 

Sodium alizarate and alumina, 891 

Sodium hydrosulphite, alkaline, the reduction of certain vat dyes by means of, I2i i 

Sodium metasilfcate-silica, the binary system, 1167 

Sodium oleate, migration, electrophoresis and electroosmosis of: a general formula- 
tion of movement in an electrical field, 673 

Softening temperatures, the determining of, by the fluidity method, 263 

Solid phases, on the reactivity of, 1316 

Solids, Tyndall blue in, 12 

Solubility of atmospheric gases in solutions of ammonium chloride, 285 

Solubility of gasoline (hexane and heptane) in water at 25°C, the, 494 

Solubility of strong electrolytes, 438 

Soluble salts, sparingly, studies of, 1009 

Solution, phosgene, reactions im I, II, 879, 965 

Solutions, aqueous, iodine and barium iodide in, the equilibrium l)etween, 245 

Solutions, colloidal, on the stability of, 1029 

Solutions, free nitric acid, the quantitative determination of the reduction products of: 
namely — ^nitrogen peroxide, nitric oxide, nitrous oxide, nitrogen, nitrous acid, and 

salts of hydroxylamine, hydrazine and ammonia, 544 

Solutions of ammonium chloride, the solubility of atmospheric gases in, 285 

Solutions, salt, adsorption from, by colloidal copper ferrocyanide, 
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Soiixtions, some aqueoiis, the interfacial tension of, against oils, as corrected for 

Specific gravity, 1291 

Sc^vent, absence of, on isothermal reaction velocity in homo-heterogeneous systems 
in the: with special reference to the conversion of fused maleic acid into fumaric 

and malic acids, 75® 

Solvents, organic, viscosities of some monovalent salts of higher fatty acids in, 636 

Some aqueoiis solutions, the interfacial tension of, against oils, as corrected for specific 

gravity, 1291 

Some monovalent salts of higher fatty acids in organic solvents, viscosities of, 636 

Some physical-chemical properties of mixtures of ethyl and n-propyl alcohols, 720 

ion on charcoal and subsequent recovery, the purification of insulin and similar 
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Sparingly soluble salts, studies of, 1009 

Special reference to the conversion of fused maleic acid into fumaric and malic acids 
with: on isothermal reaction velocity in homo-heterogeneous systems in the absence 

of solvent, 75® 

Specific gravity, the interfacial tension of some aqueous solutions against oils, as 

corrected for, 1291 
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Stability of colloidal solutions, on the, 1029 

Stannous, ferrous or titanous salts, the reduction of free nitric acid by means of, . 744 

Starch-iodine reaction, the, 125 
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Studies in adsorption. V, VI, .... 31^, 457 
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